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ABSTRACT
S e p a ra t io n  o f  ra re  o r expensive is o to p e s ,  whether ra d io a c t iv e  o r 
s ta b le ,  re q u ire s  a h ig h  e f f i c i e n c y  o f  the  s e p a ra t io n  p ro cess . E le c t r o ­
m agnetic  is o to p e  s e p a ra t io n  i s  the most w id e ly -u se d  o f  a l l  s e p a ra t io n  
p rocesses . I t s  s e p a ra t io n  e f f i c i e n c y  depends m a in ly  upon the 
i o n i z a t i o n  e f f i c i e n c y  o f  i t s  io n  sou rce . An E le c t ro n  C y c lo t ro n  
Resonance (ECR) ion  source has been developed f o r  the  s e p a ra t io n  o f  
b o th  s ta b le  and ra d io a c t iv e  is o to p e s  on account o f  i t s  h ig h  i o n i z a t i o n  
e f f i c i e n c i e s .  The maximum io n i z a t i o n  e f f i c i e n c ie s  ach ieved w i t h  the  
ECR io n  source f o r  s in g ly  charged ions  f o r  a range o f  m a te r ia ls  were: 
r a d io io d in e  (8%), carbon (10%), n i t r o g e n  (26%), oxygen (53%), neon 
(31%) and xenon (83%). A computer code ECREFF, based on the  a tom ic  
p rocesses which  occur in  the  plasma, i s  d e sc r ibe d  f o r  the  c a lc u la t i o n  
o f  the  i o n i z a t i o n  e f f i c i e n c y  o f  an ECR io n  source . The e x p e r im e n ta l  
and c a lc u la te d  da ta  are compared.
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CHAPTER 1. INTRODUCTION
The purpose o f  an io n  source i s  e i t h e r  to  s t r i p  one o r  more e le c t r o n s  
from  a n e u t r a l  atom o r m o lecu le  in  o rd e r  to  produce an e le c t r o n  
d e f i c ie n c y  and hence a p o s i t i v e l y  charged io n  o r a l t e r n a t i v e l y  to  
a t ta c h  an e le c t r o n  to  a n e u t r a l  atom o r m olecu le  to  produce an excess 
o f  e le c t r o n s  and hence a n e g a t iv e ly  charged io n .  A l l  the  io n  sources 
i n  use to da y , except f o r  the  su r fa ce  io n i z a t i o n  sou rce , produce o n ly  
p o s i t i v e l y  charged io n s .
One o f  the  most im p o r ta n t  modern a p p l ic a t io n s  o f  io n  beams i s  the  
im p la n ta t io n  o f  e n e rg e t ic  ions  in  m a te r ia ls ,  by which  i t  i s  p o s s ib le  
to  produce new types  o f  s t r u c tu r e s  and m a te r ia l  co m p o s it io n s .  T h is  i s  
ach ieved  by d i r e c t i n g  an a c c e le ra te d  beam o f  s e le c te d  io n s  on to  the  
s u r fa c e  o f  the  d e s ire d  s o l i d  m a te r ia l .  The s to p p in g  power and u l t im a t e  
range o f  the  ions  depends upon t h e i r  i n i t i a l  energy and ty p e ;  the 
s e le c t io n  o f  a s u i t a b le  io n  spec ies  and energy depends on the 
p a r t i c u l a r  a p p l i c a t io n .  Using t h i s  techn ique  i t  i s  p o s s ib le  to  
m anufac tu re  a l lo y s  ou t o f  m e ta ls  which are n o t m is c ib le  in  the  m o lten  
fo rm  o r  to  mix two m eta ls  in  any d e s ire d  c o n c e n t ra t io n s ,  wh ich  i s  n o t  
a lways p o s s ib le  even a t  h ig h  te m p e ra tu re s . Ano ther use o f  ion  
im p la n ta t io n  i s  f o r  h a rden ing  o f  m e ta ls  and a l lo y s  to  reduce su r fa c e  
wear in  o rd e r  to  in c re a se  the  l i f e t i m e  o f  t o o ls  and e n g in e e r in g  
components. However, the  most im p o r ta n t  a p p l i c a t io n  o f  io n  im p la n t io n  
i s  th e  p ro d u c t io n  o f  sem iconductor d ev ices  in  the  e le c t r o n ic s  
in d u s t r y .  Some o f  the  o th e r  im p o r ta n t  a p p l ic a t io n s  o f  ion  sources are 
e le c t ro m a g n e t ic  is o to p e  s e p a ra t io n ,  a c c e le ra to r  o p e ra t io n ,  n u c le a r  
fu s io n  plasma fo rm a t io n  and p ro p u ls io n  o f  space v e h ic le s .
As io n  sources are v i t a l  p a r ts  o f  a l l  these systems t h e i r  success 
depends m a in ly  on the  performance o f  t h e i r  io n  sou rces . The d i v e r s i t y  
o f  th e  a p p l i c a t io n s  o f  io n  sources and the  complex and w id e ly  v a ry in g  
chem ica l and p h y s ic a l  p r o p e r t ie s  o f  the  in p u t  m a te r ia ls ,  necessary  f o r  
the  g e n e ra t io n  o f  the  io n  beams, make i t  im p o ss ib le  to  deve lop  a 
u n iv e r s a l  io n  source . N e ve r th e le s s ,  u s in g  e x is t in g  io n  sources i t  i s  
p o s s ib le  to  produce lo w -c h a rg e -s ta te  p o s i t i v e  ion  beams o f  a lm ost 
e ve ry  e lem ent.
The requ irem en ts  o f  an io n  source v a ry  a cco rd in g  to  the  a p p l i c a t io n .
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However, an id e a l  io n  source shou ld  possess se v e ra l  s p e c i f i c  
p r o p e r t i e s :
-  the  a b i l i t y  to  produce ion s  o f  a wide range o f  e lem en ts , from  
bo th  h igh  and low  vapour p ressu re  m a te r ia ls ;
-  a h ig h  i o n i z a t i o n  e f f i c i e n c y  o f  the  in p u t  m a te r ia l ;
-  a low io n  energy spread ;
-  good access f o r  i n t r o d u c t io n  o f  the  in p u t  m a te r ia l ;
-  lo n g - te rm  co n tinuo u s  o p e ra t io n  w i th o u t  rep lacem ent o f  any 
components, which im p l ie s  a lon g  l i f e t i m e ;
-  ease o f  o p e ra t io n  and main tenance.
1 .1  M o t iv a t io n
The main a p p l i c a t io n  which s t im u la te d  the  work d e s c r ib e d  here was the  
need to  produce h ig h ly  p u r i f i e d  io d in e -1 2 3  f o r  a p p l i c a t io n s  i n  n u c le a r  
m e d ic in e . Io d in e -1 2 3  (TJj -  13.2 h) i s  one o f  the  most im p o r ta n t  
ra d io is o to p e s  used in  n u c le a r  m ed ic ine , which over the  p a s t  decade has 
begun to  re p la ce  io d in e -1 3 1  (T*j « 8 .05 d) as the  most w id e ly  used 
io d in e  ra d io is o to p e .  The r a d ia t io n  p r o p e r t ie s  o f  1-123 make i t  an 
a lm o s t - id e a l  r a d io n u c l id e  f o r  most ra d io p h a rm a c e u t ic a l  a p p l i c a t io n s  
i n v o lv in g  r a d io io d in e  f o r  d ia g n o s t ic  s tu d ie s  w i t h  a d u r a t io n  o f  24 
hours o r  le s s .  I t  decays s o le ly  by e le c t r o n  cap tu re  (100%), i . e .  e m its  
no (3 -p a r t ic le s  and has a main gamma energy o f  159 keV (82 .9% ). T h is  
gamma energy i s  id e a l  f o r  d e te c t io n  by common gamma cameras as 
c o l l im a t o r s  can be made t h i n  enough to  improve the  d e te c t io n  
e f f i c i e n c y  and the  s p a t i a l  r e s o lu t io n ,  and hence the  o v e r a l l  q u a l i t y  
o f  the  s c in t ig r a p h s .  The absence o f  charged p a r t i c l e  em iss ion  (e xce p t 
f o r  i n t e r n a l  co n ve rs io n  and Auger e le c t ro n s )  r e s u l t s  i n  a v e ry  low  
r a d ia t i o n  dose to  the p a t i e n t ,  which i s  so low  th a t  1-123 i s  the  
io d in e  ra d io is o to p e  recommended f o r  use on c h i ld r e n  and p regnan t women 
[S t6 7 7 ] .  The absorbed t h y r o id  doses per u n i t  a c t i v i t y  a d m in is te re d  f o r  
an up take  o f  15% are 2 and 216 rad/mCi f o r  1-123 and 1-131, 
r e s p e c t iv e ly  [B os79 ].  In  a d d i t i o n ,  the  r e l a t i v e l y  s h o r t  h a l f - l i f e  o f  
1-123 i s  id e a l  f o r  a d m in is t r a t io n  a t  f re q u e n t i n t e r v a l s .
U n fo r tu n a te ly ,  most o f  the  p ro d u c t io n  methods o f  1-123 u s in g  d i r e c t  
r e a c t io n s  produce 1-123 c o n ta in in g  v a ry in g  le v e ls  o f  r a d io n u c l id ic  
im p u r i t i e s  o f  1-124, 1-125, 1-130, e tc .  The most commonly used method
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o f  p ro d u c t io n  o f  1-123 i s  u s in g  the  e n r ich e d  T e -1 2 4 (p ,2 n ) I -1 2 3  
r e a c t io n ,  which s im u l ta n e o u s ly  produces an im p u r i t y  o f  about 1% 1-124 
( TJf -  4 .15 d) a t  the  end o f  bombardment (EOB) v ia  the  T e -1 2 4 (p ,n ) I -1 2 4  
r e a c t io n .  The c o n c e n t ra t io n  o f  the  1-124 im p u r i t y ,  whose presence i s  
h ig h l y  u n d e s ira b le  due to  i t s  l e s s - t h a n - id e a l  r a d ia t io n  p r o p e r t ie s ,  
grows w i th  the  passage o f  t im e because o f  i t s  lo n g e r  h a l f - l i f e .  The 
1-124 im p u r i t y ,  which decays by e le c t r o n  cap tu re  (75%) and 0+ em iss ion  
(25%), makes a s i g n i f i c a n t  c o n t r ib u t io n  to  the  t o t a l  r a d ia t io n  dose to  
the  p a t i e n t  due to  i t s  h ig h e r  r a d ia t io n  dose per u n i t  a c t i v i t y  
(143 ra d /m C i) and a t  the  same t im e  causes the  d e t e r io r a t i o n  o f  the  
r e s o lu t io n  o f  the  s c in t ig ra p h s  due to  s e p ta l  p e n e t ra t io n  by i t s  
h ig h -e n e rg y  gammas [603 keV (61%) , 723 keV (10.1%) and 1691 keV 
(1 0 .5 % )] .  Both these n e g a t iv e  e f f e c t s  are most pronounced f o r  i n - v i v o  
a p p l i c a t io n s  in v o lv in g  long  b io l o g i c a l  h a l f - l i v e s  o f  io d in e ,  e .g .  f o r  
t h y r o id  i n v e s t ig a t i o n .  A d d i t i o n a l l y ,  i f  an 1-123 la b e l le d  r a d io -  
pham aceu tica l has to  be produced, the  e a r l i e s t  t h a t  i t  can be 
a p p l ie d  to  a p a t ie n t  i s  a t  a s i g n i f i c a n t  t im e a f t e r  EOB, which means 
t h a t  the  r a d ia t io n  dose i s  much h ig h e r  and the  q u a l i t y  o f  the  
s c in t ig r a p h s  i s  much low er than cou ld  be ach ieved w i t h  u l t r a - p u r e  
1 -123. T h e re fo re ,  the  presence o f  1-124 reduces the  s h e l f - l i f e  o f  
1-123, to  a degree which i s  p r o p o r t io n a l  to  the  amount o f  1-124 
p re s e n t  a t  EOB. I t  i s  th e re fo re  o f  g re a t  im portance f o r  the  n u c le a r  
m ed ica l community to  have pure 1-123 a v a i la b le .
1-123 has u n t i l  r e c e n t ly  been produced a t  the K a r ls ru h e  Compact 
C y c lo t ro n  v ia  the  Te-124( p ,2 n ) 1-123 re a c t io n  u s in g  96% e n r ic h e d  Te02 
and 30-MeV p ro to n s .  The 1-124 im p u r i t y ,  which i s  a ls o  produced v ia  the  
T e -12 5 (p ,2n ) and T e -126(p ,3n ) re a c t io n s ,  can be suppressed by the  use 
o f  s t i l l  h ig h e r  e n r ich e d  te l lu r iu m -1 2 4  d io x id e  (up to  99.9%) r e s u l t i n g  
in  an inc re a se d  s h e l f - l i f e .  Te-124 e n r ich e d  to  96% c o n ta in s  im p u r i t i e s  
o f  1.3% Te-125 and 0.9% Te-126 compared to  0,095% and 0.02%, 
r e s p e c t iv e ly ,  f o r  99.9% e n r ich e d  Te-124. However, even i f  100% 
e n r ic h e d  te l lu r iu m -1 2 4  d io x id e  were a v a i la b le  the 1-124 im p u r i t y  would 
s t i l l  be produced because o f  the  in h e re n t  presence o f  the  (p ,n )  
re a c t io n  a lo n g s id e  the  (p ,2 n )  p ro d u c t io n  method [Kon77 ]. T h e re fo re ,  
the  in c re a se  i n  p ro d u c t io n  co s ts  does n o t j u s t i f y  the  r e l a t i v e l y  sm a ll 
in c re a se  in  s h e l f - l i f e .  A more c o s t - e f f e c t i v e  method o f  e l im in a t in g  
the  1-124 im p u r i t y  co m p le te ly  would be by means o f  e le c t ro m a g n e t ic  
is o to p e  s e p a ra t io n .  Ano ther method o f  p roduc ing  r e l a t i v e l y  pure 1-123
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i s  by u s in g  the  1 -127 (p ,5n)Xe-123  (T^ *  2.08 h) ---- > 1-123 r e a c t io n ,
which  a ls o  produces a 0.2% 1-125 (T*$ » 60.14 d) im p u r i t y  v ia  the
I - 1 2 7 (p ,  3n)Xe-125 (T*s -  16.8 h) ---- ► 1-125 re a c t io n .  The m ajor drawback
o f  t h i s  method o f  p ro d u c t io n  are the  h ig h  p ro d u c t io n  co s ts  due to  the  
re q u ire m en t o f  h ig h  energy p ro to n s  (65 -  70 MeV), wh ich  l i m i t s  i t  to  a 
few c y c lo t r o n  f a c i l i t i e s  o n ly .
Where la rg e  c y c lo t ro n s  are n o t  a v a i la b le  the p ro d u c t io n  o f  h ig h  p u r i t y
1-123 cannot be ach ieved by means o f  the  1 -127(p ,5n)Xe-123   ► 1-123
r e a c t io n .  T h e re fo re  one o f  the  p o s s i b i l i t i e s  o f  o b ta in in g  u l t r a - p u r e  
1-123 in  such i n s t i t u t i o n s  i s  by the  p u r i f i c a t i o n  o f  the  1-123, 
produced v ia  the  Te -124(p ,2n ) r e a c t io n ,  from i t s  1-124 co n ta m in an t.  
W ith  t h i s  method u l t r a - p u r e  1-123 w i t h  a la r g e r  s h e l f - l i f e  can be 
produced by u t i l i z i n g  a lo w ly -e n r ic h e d  Te-124 (<90%) t a r g e t ,  th e re b y  
re d uc in g  the  p ro d u c t io n  co s ts  d r a s t i c a l l y .  The major advantage o f  such 
a method i s  t h a t  no m a tte r  what the  l e v e l  o f  the  r a d io n u c l id ic  
im p u r i t i e s  p re se n t a t  EOB the  s h e l f - l i f e  o f  1-123 remains u n in f lu e n c e d  
as lo n g  as the  im p u r i t i e s  can be separa ted  from 1-123 b e fo re  
a d m in is t r a t io n  to  the  p a t ie n t s .  As the  1-124 im p u r i t y  be longs to  the  
same element as 1-123 i t  i s  n o t p o s s ib le  to  separa te  the  two 
ra d io is o to p e s  by. s tanda rd  chem ica l processes because o f  t h e i r  
i d e n t i c a l  chem ica l p r o p e r t ie s .  T h e re fo re ,  the o n ly  p o s s i b i l t y  o f  
s e p a ra t in g  1-123 and 1-124 i s  by means o f  a p h y s ic a l  process which  
depends upon the  d i f fe r e n c e s  in  t h e i r  a tom ic masses.
1 .2  Is o to p e  S e p a ra t io n
Is o to p e  s e p a ra t io n  can be ach ieved  by a number o f  d i f f e r e n t  methods, 
depending upon the  type  o f  a p p l i c a t io n :
-  gaseous d i f f u s i o n
-  n ozz le  s e p a ra t io n
-  gas c e n t r i f u g e
-  plasma c e n t r i f u g e
-  la s e r  s e p a ra t io n
-  e le c t ro m a g n e t ic  s e p a ra t io n .
A l l  o f  these methods o f  is o to p e  s e p a ra t io n  were i n i t i a l l y  developed 
f o r  the  en r ichm ent o f  uran ium -235 from n a tu ra l  u ran ium  (0.7% U-235 and
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99.3% U -238 ). D uring  the  Second W orld War pure U-235 was produced in  
the  USA f o r  use in  the f i r s t  a tom ic  bomb, by means o f  e le c t ro m a g n e t ic  
s e p a ra to rs  o r  c a lu t r o n s .  A t  the  peak o f  the w art im e programme in  1945 
over 1100 such machines were in  o p e ra t io n  s o le ly  f o r  the  p ro d u c t io n  o f  
pure U-235. D esp ite  the  h igh  en richm ent f a c to r  o f  e le c t ro m a g n e t ic  
s e p a ra to rs  (E -  10 to  1000) th ey  were e v e n tu a l ly  re p la ce d  by the  
gaseous d i f f u s i o n  process because o f  t h e i r  low th ro u g h p u t and h ig h  
energy c o s ts .  The en r ichm ent f a c to r  o f  an is o to p e  s e p a ra to r  i s  d e f in e d  
as E ■ ( a 7 b r ) / ( a / b ) ,  where a and b are the  i s o t o p ic  abundances o f  the  
main is o to p e  A and an im p u r i t y  B i n  the io n  source in p u t ,  and a '  and 
b '  the  re s p e c t iv e  f i n a l  abundances a f t e r  s e p a ra t io n .  A lth o ug h  the  
gaseous d i f f u s i o n  process has a h ig h  th ro u g h p u t i t s  main d isadvan tage  
i s  t h a t  i t s  en r ichm ent f a c to r  f o r  a s in g le  pass i s  about th re e  o rd e rs  
o f  magnitude low er than  th a t  o f  e le c t ro m a g n e t ic  s e p a ra to rs .  
N e v e r th e le s s ,  gaseous d i f f u s i o n  i s  the  o n ly  p rocess used f o r  the  
la r g e - s c a le  en r ichm ent o f  uranium f o r  the  n u c le a r  energy in d u s t r y ,  
where U-235 enrichm ents  up to  2-4% abundance are r e q u i re d .  The n o zz le  
s e p a ra t io n  process and the  gas c e n t r i f u g e  have r e c e n t ly  begun to  
c h a l le n g e  the  d om in a tio n  o f  the  gaseous d i f f u s i o n  p ro cess . The f a c t  
t h a t  the  en r ichm ent f a c to r  o f  a l l  the  th re e  processes i s  low 
n e c e s s i ta te s  the. use o f  a la rg e  number o f  cascades i n  o rd e r  to  ach ieve  
the  re q u i re d  e n r ichm e n t, th e re b y  making the  inve s tm en t co s ts  v e ry  
h ig h .  The o th e r  s e p a ra t io n  p rocesses , a p a r t  from e le c t ro m a g n e t ic  
s e p a ra t io n ,  which have a h ig h  degree o f  s e p a ra t io n  are  the  plasma 
c e n t r i f u g e  and the  la s e r  s e p a ra to r .  These two p rocesses, however, a ls o  
s u f f e r  from  the  f a c t  t h a t  th e y  have low th rou gh pu ts  and t h e i r  
s e p a ra t io n  e f f i c i e n c i e s  have n o t been e x te n s iv e ly  re p o r te d .
The success o f  h igh-abundance s ta b le  iso to p e  s e p a ra t io n  depends m a in ly  
on the  th ro u g h p u t ,  as a low  en r ichm ent f a c to r  can be compensated by 
r e c y c l in g  the  m a te r ia l  s e v e ra l  t im es in  the se p a ra to r  u n t i l  the  
d e s ire d  en r ichm ent has been o b ta in e d .  In  c o n t r a s t ,  th e  major 
re q u ire m en t o f  the  p u r i f i c a t i o n  o f  ra d io is o to p e s  and ra re  s ta b le  
is o to p e s  i s  n o t  the th ro u g h p u t b u t the  s e p a ra t io n  e f f i c i e n c y ,  w h ich  i s  
im p o r ta n t  because the  q u a n t i t ie s  in v o lv e d ,  in  terms o f  mass, are 
e x tre m e ly  sm a ll (and the  p ro ce ss in g  tim e i s  l im i t e d  by the  h a l f - l i v e s  
in v o lv e d ) .  The s e p a ra t io n  e f f i c i e n c y  th e re fo re  governs the  economic 
f e a s i b i l i t y  o f  the  en r ichm ent o f  bo th  ra d io is o to p e s  and ra re  s ta b le  
is o to p e s .  The most u n iv e r s a l  o f  a l l  the  s e p a ra t io n  p rocedures l i s t e d
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i s  the  e le c t ro m a g n e t ic  is o to p e  s e p a ra t io n ,  w i th  which i t  i s  p o s s ib le  
to  separa te  a l l  k in d s  o f  e x is t in g  is o to p e s ,  bo th  s ta b le  and 
r a d io a c t i v e .  Due to  i t s  h ig h  en r ichm ent f a c to r  which g ive s  good 
s e p a ra t io n  e f f i c i e n c y  in  a s in g le  pass, e le c t ro m a g n e t ic  s e p a ra t io n  was 
chosen as the  the  most s u i t a b le  o f  a l l  the  processesfor the 
p u r i f i c a t i o n  o f  1-123 from  i t s  1-124 con tam inan t.
In  an e le c t ro m a g n e t ic  is o to p e  s e p a ra to r  the atoms o f  the  substance to  
be i s o t o p i c a l l y  separa ted  are f i r s t  io n iz e d  i n  an io n  sou rce . The ion s  
are  then  a c c e le ra te d  to  h ig h  monoenergies (V « 10-100 keV) d u r in g  
e x t r a c t i o n  from  the  source and subsequen tly  focused i n t o  an io n  beam 
by means o f  an e l e c t r o s t a t i c  le n s .  The io n  beam i s  d i r e c te d  i n t o  a 
m agnetic  f i e l d  (B ) ,  p e rp e n d ic u la r  to  the  io n  m o tio n , p ro v id e d  by a 
s e c to r  magnet. The a c c e le ra te d  ion s  are d e f le c te d  i n t o  c i r c u l a r  
t r a j e c t o r i e s  w i t h  r a d i i  (R) p r o p o r t io n a l  to  t h e i r  momenta (mv):
mv ( 2mV/q)
R -  - — - = -------------
qB B
where, v *  (2qV/m)1,//2 and q -  charge . The ions  w i th  d i f f e r e n t  masses 
( is o to p e s )  th e re fo re  leave  the  magnet s p a t i a l l y  separa ted  and hence 
can e i t h e r  be d e te c te d  o r  c o l le c te d .
1-123 as a c y c lo t ro n -p ro d u c e d  ra d io is o to p e  i s  v e ry  expensive  
(DM 15/mCi f o r  the  u n la b e l le d  p ro d u c t)  to  m anufacture  and the  amount 
o f  m a te r ia l  produced i s  e x tre m e ly  sm a ll (0 .5  f j q / C i ) . I t  i s  th e r e fo r e  
im p e ra t iv e  t h a t  the  s e p a ra t io n  o f  1-123 and 1-124 i s  as e f f i c i e n t  as 
p o s s ib le .  The s e p a ra t io n  e f f i c i e n c y  o f  an e le c t ro m a g n e t ic  is o to p e  
s e p a ra to r ,  whether o n - l i n e  o r o f f - l i n e ,  i s  governed m a in ly  by the  
i o n i z a t i o n  e f f i c i e n c y  o f  i t s  io n  sou rce , assuming t h a t  the 
t ra n s m is s io n  e f f i c i e n c y  approaches 100%. Th is  c r i t e r i o n  was i d e n t i f i e d  
as the  most im p o r ta n t  o f  a l l  io n  source c r i t e r i a  f o r  the  s e p a ra t io n  o f  
1-123 and 1-124.
A ca nd id a te  which showed prom ise o f  a h ig h  io n i z a t i o n  e f f i c i e n c y ,  and 
which  was e v e n tu a l ly  chosen, was the  E le c t ro n  C y c lo t ro n  Resonance 
(ECR) io n  sou rce . I t  possesses the  p r o p e r t ie s  necessary  f o r  a 
h ig h  i o n i z a t i o n  e f f i c i e n c y  which a re :
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-  h ig h  plasma d e n s i ty ;
-  h ig h  e le c t r o n  energy;
-  low p ressu re  o p e ra t io n .
A p a r t  from  the  h ig h  i o n i z a t i o n  e f f i c i e n c y  the ECR io n  source possesses 
o th e r  p r o p e r t ie s  which make i t  w e l l - s u i t e d  f o r  the  p ro d u c t io n  o f  
r a d io a c t iv e  beams due to  the  absence o f  e le c t ro d e s ,  which r e s u l t s  in  
no wear and c o r ro s io n ,  and th e re fo re  low maintenance and a lo n g  
l i f e t i m e .  The h ig h  i o n i z a t i o n  e f f i c i e n c y  o f  an io n  source used f o r  the  
s e p a ra t io n  o f  ra d io is o to p e s  i s  a ls o  im p o r ta n t  because i t  reduces the  
background le v e l  o f  r a d ia t io n  by p re v e n t in g  the a ccum u la t io n  o f  
l o n g - l i v e d  ra d io is o to p e s  i n  the  system, th e re by  m in im iz in g  the  
r a d ia t i o n  hazard to  p e rso n n e l.
1 .3  D e s c r ip t io n  o f  Thes is
i n  1982 the  i o n i z a t i o n  e f f i c i e n c y  o f  an e x is t in g  ECR io n  sou rce , 
p-HISKA (p ic o  -  Heavy Ion  Source K A r ls ru h e ) ,  was measured f o r  xenon 
gas i n  o rd e r  to  v e r i f y  the  g e ne ra l assumption about the  h ig h  
i o n i z a t i o n  e f f i c i e n c i e s  o f  ECR io n  sources . p-HISKA was i n i t i a l l y  
deve loped as a p ro to ty p e  to  produce f u l l y - s t r i p p e d  l i g h t  ion s  f o r  
i n j e c t i o n  i n t o  the  K a r ls ru h e  Isochronous C y c lo t ro n ,  wh ich  i s  a 
f ix e d - f r e q u e n c y  machine o n ly  ab le  to  a c c e le ra te  io n s  w i t h  a 
cha rge -to -m ass  r a t i o  o f  1 /2 ,  f o r  n u c le a r  ph ys ics  e xp e r im e n ts .  For the  
xenon i o n i z a t i o n  e f f i c i e n c y  measurements p-HISKA had to  be s l i g h t l y  
m o d i f ie d ;  the  exper im ents  and r e s u l t s  are d e sc r ib e d  i n  s e c t io n  5 .1 .
The xenon e f f i c i e n c y  r e s u l t s  o b ta in e d  from P-HISKA were v e ry  
p ro m is in g ,  w i th  a maximum in  the  50% -  80% range. T h is  th e re fo re  le d  
to  the  f u r t h e r  m o d i f ic a t io n  o f  p-HISKA in  1983 in  o rd e r  to  measure the  
i o n i z a t i o n  e f f i c i e n c y  o f  r a d io io d in e  f o r  the s e p a ra t io n  o f  1-123 and 
1 -124. The h ig h e s t  r a d io io d in e  i o n i z a t i o n  e f f i c i e n c y  o b ta in e d  f o r  
p-HISKA was 9% (see s e c t io n  5 .2 ) ,  which was cons ide red  n o t  to  be h ig h  
enough to  make the  p u r i f i c a t i o n  o f  1-123 e co n o m ica lly  v ia b le .  An 
i o n i z a t i o n  e f f i c i e n c y  o f  50% i s  the  th re s h o ld  va lu e  th a t  i s  co ns id e re d  
f o r  the  1-123 p u r i f i c a t i o n  process to  become e co n o m ic a l ly  f e a s ib le  in  
v iew  o f  the  h ig h  c o s t o f  1-123 p ro d u c t io n .  However, d e s p i te  the  
r e l a t i v e l y  low io n i z a t i o n  e f f i c i e n c y  o f  ra d io io d in e  o b ta in e d  from  
p-HISKA a p r o je c t  was i n i t i a t e d  i n  1984 to  produce u l t r a - p u r e  1-123 by 
means o f  the  T e -1 2 4 (p ,2 n )1-123 re a c t io n  and the  subsequent s e p a ra t io n
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from  i t s  1-124 im p u r i t y  u s in g  a s p e c ia l ly -d e v e lo p e d  compact ECR io n  
source in  c o n ju n c t io n  w i t h  a 90° s e c to r  magnet. Th is  d e c is io n  was 
based on the  f a c t  t h a t  p-HISKA had n o t  been o p t im iz e d  f o r  the  
i o n i z a t i o n  o f  low vapour p re ssu re  e lements such as io d in e .  I t  
th e r e fo r e  seemed p o s s ib le  to  improve the  i o n i z a t i o n  e f f i c i e n c y  o f  
r a d io io d in e  u s in g  an ECR io n  source designed s p e c ia l l y  f o r  the 
i o n i z a t i o n  o f  low  vapour p ressu re  e lem ents . Th is  p r o je c t  was f in a n c e d  
as a Technology T ra n s fe r  p r o je c t  by a g ra n t  p ro v id e d  by the  West 
German Federa l M in i s t r y  o f  Research and Technology.
In  1985 a new method o f  p ro d u c t io n  o f  u l t r a - p u r e  1-123 was developed 
a t  the  K a r ls ru h e  Compact C y c lo t ro n ,  which e l im in a te d  the  need f o r  the  
p u r i f i c a t i o n  o f  1-123 produced v ia  the  Te -124(p ,2n ) r e a c t io n .  T h is  
made the  e le c t ro m a g n e t ic  is o to p e  s e p a ra to r  u s in g  the  new ly -deve loped  
ECR io n  source o b s o le te  b e fo re  i t  co u ld  be used f o r  th e  v e ry  purpose 
f o r  wh ich  i t  had been conce ived . The new p ro d u c t io n  method i s  based on
the  X e-124(p ,2n)C s-123  { T^ -  5 .9  m) ---- ► Xe-123 (TH « 2 .1  h) ---- ► 1-123
re a c t io n  [B ec8 7 ].  In  o rd e r  to  produce u l t r a - p u r e  1-123 i t  i s  necessa ry  
to  use Xe-124 gas e n r ic h e d  to  99.9%, which makes the  p ro d u c t io n  method
v e ry  expens ive  as i t  co s ts  about DM 4 0 0 , 0 0 0 / l i t r e .  The t o t a l  amount o f
5a l l  im p u r i t i e s  p re s e n t  i n  the  1-123 i s  o f  the o rd e r  o f  10 %, w h ich  i s
comparable to  the  im p u r i t y  t h a t  would be p re se n t a f t e r  p u r i f i c a t i o n  by 
means o f  the  e le c t ro m a g n e t ic  s e p a ra to r .
D e sp ite  the f a c t  t h a t  the  ECR io n  source has n o t  been used in  
K a r ls ru h e  f o r  the  p u r i f i c a t i o n  o f  1-123 produced v ia  the  T e -12 4 (p ,2n )  
r e a c t io n ,  two o th e r  p o s s ib le  a p p l i c a t io n s  f o r  i t  have been i d e n t i f i e d .  
The f i r s t  one i s  in  the  n u c le a r  m ed ica l f i e l d  and in v o lv e s  the  
p u r i f i c a t i o n  o f  1-123 (13 .2  h) from  i t s  con tam inan t 1-125 (60 .14  d ) .  
The p ro d u c t io n  re a c t io n  u s in g  65-MeV p ro to n s  i s  1 -1 2 7 (p ,5n)Xe-123
(2 .08  h) ---- > 1-123 w i t h  the  con tam inan t produced by the  I -1 2 7 (p ,3 n )
Xe-125 (16 .8  h) ---- > 1-125 re a c t io n .  U l t r a -p u re  1-123 can th e re fo re  be
produced by the  o n - l i n e  s e p a ra t io n  o f  the  rad ioxenon  p re c u rs o rs .  The 
second a p p l i c a t io n  o f  the  ECR source in v o lv e s  the  o n - l i n e  p ro d u c t io n  
o f  r a d io a c t iv e  beams f o r  p o s t - a c c e le r a t io n  up to  l  MeV/nucleon a t  t h e  
proposed TRIUMF-ISOL in  Vancouver, Canada [Le e8 5 ].  The a c c e le ra te d  
r a d io a c t iv e  beams are p lanned to  be used by n u c le a r  a s t r o p h y s ic i s t s  
f o r  the  measurement o f  r e a c t io n  ra te s  o f  s im ple  n u c le o s y s n th e s is  
r e a c t io n s  o c c u r in g  i n  s ta r s ,  which are th o ug h t to  be t h e i r  energy
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sou rce . In  the  i n i t i a l  s tages o n ly  a c c e le ra te d  beams o f  l i g h t  e lem ents 
such as C, N, 0 and Ne w i l l  be produced. The p ro d u c t io n  o f  r a d io a c t iv e  
beams o f  n o n - v o la t i l e  e lements re q u ire s  a s p e c ia l ly -d e s ig n e d  ECR 
source f o r  h ig h  tem pera tu re  o p e ra t io n  ( ~ 2000°C) in  o rd e r  to  p re v e n t  
the  condensa tion  o f  the  charge m a te r ia l .
For an o n - l i n e  ta r g e t / i s o to p e  s e p a ra to r  system the  a b s o lu te  y i e l d  
w h ich  can be o b ta in e d  as an io n  f l u x  i s  l im i t e d  by the  i o n i z a t i o n  
e f f i c i e n c y  o f  the  io n  source used. E nsuring  the re q u i re d  io n  f l u x  
th e r e fo r e  n e c e s s i ta te s  a h ig h  enough e f f i c i e n c y  o f  the  io n  source 
(>10%) [B u c8 5 ], e s p e c ia l l y  f o r  spec ies  which have low  p ro d u c t io n  c ross  
s e c t io n s .  W ith  these two a p p l i c a t io n s  in  mind the  i o n i z a t i o n  
e f f i c i e n c i e s  o f  xenon, ca rbon , n i t r o g e n ,  oxygen and neon were 
in v e s t ig a te d  u s in g  the  new ECR io n  source and are p re sen te d  in  
s e c t io n  5 .3 .
In  n e a r ly  a l l  cases o n ly  s in g ly -c h a rg e d  ions  are used f o r  the  
s e p a ra t io n  process as the  i o n i z a t i o n  e f f i c i e n c i e s  are  the  h ig h e s t  i n  
t h i s  charge s ta te .  The io n  source e f f i c i e n c i e s  are  th e re fo re  i n  
g e ne ra l o n ly  quoted f o r  q -  1+ io n s .  However, the  i o n i z a t i o n  
e f f i c i e n c i e s  o f  h ig h e r  charge s ta te  ion s  (q » 2+,3+) p la y  an im p o r ta n t  
r o le  i n  th e  des ign  o f  p o s t - a c c e le ra to r s  f o r  o n - l in e  is o to p e  
s e p a ra to rs .  I f  the  q -  2+ o r  3+ i o n i z a t i o n  e f f i c i e n c i e s  are h ig h  
enough to  d e l i v e r  the  re q u ire d  io n  f l u x  a s h o r te r  o r  a le s s  p o w e r fu l  
a c c e le ra to r  can be b u i l t  i n  o rd e r  to  reduce c o s ts .  T h is  a p p l ie s  to  the  
p ro d u c t io n  o f  a c c e le ra te d  r a d io a c t iv e  beams and the  im p la n ta t io n  o f  
ra d io is o to p e s  where e n e rg ie s  g re a te r  than  1 MeV/nucleon are re q u i re d .  
Up to  the  p re se n t t im e o n ly  i o n i z a t i o n  e f f i c i e n c i e s  o f  c o n v e n t io n a l  
io n  sources have been re p o r te d  in  the  l i t e r a t u r e  [K i r 8 1 ,  Mac80, Oka81, 
Rav85], T h is  th e s is  d e a ls  w i t h  the  o p t im iz a t io n  o f  the  i o n i z a t i o n  
e f f i c i e n c y  o f  the  ECR io n  source f o r  these p a r t i c u l a r  in p u t  m a te r ia ls .
Chapter 2 d ea ls  w i t h  io n  sources in  g e n e ra l ,  w i t h  the  two main 
i o n i z a t i o n  phenomena d iscussed  in  s e c t io n  2 .1 and the  d i f f e r e n t  types  
o f  io n  sources compared in  s e c t io n  2 .2 .  S e c t io n  2 .3  d e s c r ib e s  the  
e x t r a c t i o n  o f  an io n  beam from  a plasma.
The th e o ry  o f  the  o p e ra t io n  o f  the  ECR io n  source i s  d e s c r ib e d  in  
d e t a i l  i n  Chapter 3. The main p a r t  o f  an ECR io n  source i s  the
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m agnetic  m i r r o r  t r a p ,  a ls o  known as the  magnetic  b o t t l e ,  which was 
deve loped f o r  plasma fu s io n .  T h is  i s  used f o r  the con finem en t o f  
e le c t r o n s ,  which c o n t r ib u te s  towards the s t a b i l i t y  o f  the  plasma. The 
m agnetic  m i r r o r  t r a p  i s  d iscussed  in  s e c t io n  3 .1 .  The m agnetic  m i r r o r  
t r a p ,  however, does n o t  e l im in a te  the  plasma i n s t a b i l i t i e s  in  the  ECR 
io n  source c o m p le te ly .  A b e t t e r  con finem ent o f  the  e le c t ro n s  i s  
ach ieved  by a s o - c a l le d  "minimum-B" f i e l d ,  which i s  ach ieved by the  
s u p e rp o s i t io n  o f  a m u l t ip o la r  f i e l d  on to  the m i r r o r  f i e l d  ( s e c t io n  
3 .2 ) .  The ECR H ea t ing  mechanism ( s e c t io n  3 .3 )  i s  used to  a c c e le ra te  
the  e le c t ro n s  to  h ig h  e n e rg ie s  by the c o l l i s i o n l e s s  i n t e r a c t i o n  o f  
m icrowaves o f  a f i x e d  frequency  in  the  presence o f  the  minimum-B 
f i e l d .  The h o t  e le c t r o n s ,  which are co n f in e d  by the  m agnetic  f i e l d ,  
th e r e fo r e  produce p o s i t i v e  ions  by means o f  e le c t r o n  im pact 
i o n i z a t i o n .  Most o f  the ECR io n  sources in  use today  are  used m a in ly  
f o r  the  p ro d u c t io n  o f  h ig h ly -c h a rg e d  io n s ,  and a h ig h  i o n i z a t i o n  
e f f i c i e n c y  i s  o f  secondary im po rtance . The requ irem en ts  f o r  the  
p ro d u c t io n  o f  h ig h ly -c h a rg e d  ions  are d iscussed  in  s e c t io n  3 .4 .
The fo u n d a t io n  f o r  the  c a lc u la t io n  o f  the i o n i z a t i o n  e f f i c i e n c y  o f  an 
ECR io n  source i s  l a i d  i n  Chapter 4, which i s  b a s is  o f  the  code used 
to  de te rm ine  the  i o n i z a t i o n  e f f i c i e n c y  o f  the  ECR io n  sou rce . The 
c a lc u la t i o n  i s  i n i t i a t e d  i n  s e c t io n  4 .1  by the d e te rm in a t io n  o f  the  
n e u t r a l  d e n s i t ie s  i n  the  plasma o f  the  gases f lo w in g  i n t o  the  io n  
sou rce . The gases in c lu d e  the  t e s t  gas and one o r  more su p po rt  gases, 
w h ich  a l lo w s  f o r  gas m ix in g ,  a lth o u g h  g e n e ra l ly  o n ly  one su p po r t  gas 
i s  used. An io n  in  a plasma can be c re a te d  o r l o s t  due to  one o f  the  
f o l lo w in g  a tom ic  p rocesses: e le c t r o n  im pact i o n i z a t i o n ,  charge 
exchange w i t h  n e u t ra ls  (o r  io n s )  o r  r a d ia t i v e  re co m b in a t io n  th ro ugh  
e le c t r o n  c a p tu re .  The p ro d u c t io n  and lo s s  ra te s  o f  io n s  are  c a lc u la te d  
in  s e c t io n s  4 .2 ,  4.3 and 4 .4 .  The io n  d e n s i t ie s  o f  a l l  charge s ta te s  
are de te rm ined  in  s e c t io n  4 .5 by means o f  a ba lance e q u a t io n ,  which 
take s  i n t o  account the  p ro d u c t io n  and lo s s  ra te s  o f  the  io n s .  For 
d e te rm in in g  the  io n  d e n s i t y  o f  a p a r t i c u l a r  charge s ta te  the 
con finem en t t im e  o f  the  ion s  in  the  minimum-B f i e l d  geometry i s  
re q u i re d  and t h i s  i s  c a lc u la te d  in  s e c t io n  4 .6 .  The t h e o r e t i c a l  
i o n i z a t i o n  e f f i c i e n c y  i s  de te rm ined  by means o f  the  e x t ra c te d  f l u x  
c a lc u la te d  from  the  io n  d e n s i ty  and the  io n  con finem ent t im e .
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The th re e  d i f f e r e n t  se ts  o f  ECR io n i z a t i o n  e f f i c i e n c y  measurents 
d e s c r ib e d  above are p resen ted  in  Chapter 5. The co n c lu s io n s  are 
p re sen ted  i n  Chapter 6 a long  w i th  the  sugges t ions  f o r  f u r t h e r  work 
and the  p o s s ib le  a p p l i c a t io n s  o f  the  new ly -deve loped  ECR io n  sou rce .
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CHAPTER 2. ION SOURCES
2 .1  E le c t ro n  C o l l i s i o n  I o n iz a t io n
A p o s i t i v e l y  charged io n  can be produced by the  bombardment o f  a 
n e u t r a l  m o lecu le  by the  removal o f  one o f  more e le c t ro n s  from  one o f
i t s  s h e l l s .  T h is  i s  ach ieved by the t r a n s fe r  o f  enough e x c i t a t i o n
energy by an e n e rg e t ic  e le c t r o n  to  the  n e u t ra l  m o lecu le  so t h a t  i t  can 
e je c t  one o r  more e le c t r o n s .  However, the  p o lya to m ic  m o lecu le  may use 
a p a r t  o f  t h i s  energy to  be e x c i te d  i n t o  the v i b r a t i o n a l  and 
r o t a t i o n a l  e x c i te d  s ta te s  o r to  d is s o c ia te  i n t o  atoms, th e re b y  le a v in g  
le s s  energy f o r  i o n i z a t i o n .  I o n iz a t io n  o f  the n e u t r a l  m o lecu le  can 
o n ly  ta ke  p la ce  i f  the  e le c t r o n  energy exceeds the  i o n i z a t i o n  
p o t e n t i a l  o f  the  m o le cu le .
As the  i o n i z a t i o n  o f  atoms a p p l ie s  to  most o f  the  cases, i t  w i l l  be 
d iscu ssed  here in s te a d  o f  the  i o n i z a t i o n  o f  m o lecu les . The k i n e t i c  
energy o f  the  p r im a ry  e le c t r o n  (E ) i s  t r a n s fe r r e d  on im pact to  the  
atom in  the  form  o f  p o t e n t i a l  energy. I f  the  energy t r a n s f e r  i s
g re a te r  than  the  f i r s t  i o n i z a t i o n  p o t e n t i a l  o f  the  atom, i t  may
lo se  one o f  the  bound e le c t ro n s  from  one o f  i t s  s h e l l s .  However, the  
p r o b a b i l i t y  o f  i o n i z a t i o n  th rough  the  e je c t io n  o f  an e le c t r o n  from  an 
in n e r  s h e l l  i s  much s m a lle r  than  t h a t  from  the  o u te r  s h e l l  because o f  
the  h ig h e r  b in d in g  e n e rg ie s  c h a r a c t e r i s t i c  o f  the  in n e r  s h e l l s .  
M u l t i p le  i o n i z a t i o n  can take  p la ce  i n  which more than  one e le c t r o n  i s  
e je c te d  from  the  atom. However, t h i s  i s  r e l a t i v e l y  ra re  and o n ly  
s in g le - s te p  i o n i z a t i o n  i s  cons ide red  he re .
The c o n d i t io n  o f  i o n i z a t i o n  to  the  f i r s t  charge s ta te  can th e r e fo r e  be 
re p re se n te d  by : E > E -, where E- i s  the  f i r s t  i o n i z a t i o n  p o t e n t i a l .  
The c o n s e rv a t io n  o f  energy demands th a t  the energy s u rp lu s  (E
P
Ep -  E ^ ) be shared between the  p r im a ry  and secondary e le c t r o n s ,  p lu s  a 
s m a ll  amount o f  r e c o i l  energy c a r r ie d  by the io n .  The energy o f  the  
p r im a ry  e le c t r o n  can a ls o  be used to  e x c i te  the  atom to  one o f  the  
many e x c i te d  s ta te s  which l i e  between the ground s ta te  and the io n iz e d  
s ta te .  The e x c i t a t i o n  o f  the  atom th e re fo re  competes w i t h  the 
i o n i z a t i o n  p rocess .
I f  e i t h e r  the  p r im a ry  o r  the  secondary e le c t r o n  r e ta in s  enough
15
energy a f t e r  the  i o n i z a t i o n  o f  the  atom i t  can go on to  produce 
f u r t h e r  ions  u n t i l  i t s  energy drops below the i o n i z a t i o n  th re s h o ld .  The 
e le c t r o n  c o l l i s i o n  i o n i z a t i o n  process can be d e s c r ib e d  s y m b o l ic a l ly  as 
f o l l o w s :
A° + (e p + Ep ) ---- > (A+ + Er + Ee x ) + (e + E^) + (e g + Eg )
where A° i s  the  n e u t r a l  atom, e i s  the  e n e rg e t ic  p r im a ry  e le c t r o n ,
j.
e i s  the  secondary e le c t r o n  e je c te d  upon impact from  the  atom, A i s  
the  p o s i t i v e  io n  produced w i t h  a r e c o i l  energy E and a p o s s ib le
t *■
e x c i t a t i o n  energy E , and E and Ee are the e n e rg ie s  o f  the  p r im a ry
C A  P S
and secondary e le c t r o n s ,  r e s p e c t iv e ly ,  a f t e r  the  i o n i z a t i o n .
For any subsequent i o n i z a t i o n  o f  the  s in g ly  charged p o s i t i v e  io n  
a d d i t i o n a l  energy i s  re q u i re d ,  which has a th re s h o ld  re p re se n te d  by 
the  second i o n i z a t i o n  p o t e n t i a l .  F u l l y - s t r ip p e d  o r  h ig h ly  charged ion s  
can be produced by s te p -b y -s te p  i o n i z a t i o n ,  which re q u i re s  v e ry  
e n e rg e t ic  e le c t ro n s  to  overcome the  h ig h  i o n i z a t i o n  p o t e n t ia l s  o f  the  
in n e r  s h e l l  e le c t r o n s .
E le c tro n  energy CeV3
F ig u re  2 .1  : The e le c t r o n  bombardment io n i z a t i o n  c ross  s e c t io n s  
o f  s e v e ra l  e lements [D e l6 8 ] .
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The ra te  o f  p ro d u c t io n  o f  ion s  by the  bombardment o f  atoms w i th  
e le c t r o n s  o f  energy E i s  g ive n  by:
v( E) -  <t(E) v e (E) ne N0 ( s - 1 ) ( 2 .1 )
_ 2
where a = i o n i z a t i o n  c ross  s e c t io n  [cm 3
- 1v = e le c t r o n  v e lo c i t y  (cm s 3
-3ng « e le c t r o n  d e n s i ty  (cm J
N = t o t a l  number o f  n e u t r a l  atoms = n_ V
0 -3  0nQ *  d e n s i ty  o f  n e u t r a l  atoms (cm J
V *  volume ( cm^]
F ig u re  2 .1  shows the  e le c t r o n  c o l l i s i o n  i o n i z a t i o n  c ro ss  s e c t io n s  o f  
s e v e ra l  e lem en ts . The i o n i z a t i o n  c ross  s e c t io n  i s  a f u n c t io n  o f  the  
e le c t r o n  energy and d is p la y s  a maximum a t  a few t im es  the  i o n i z a t i o n  
p o t e n t i a l .  E le c t ro n s  w i t h  e n e rg ie s  much g re a te r  than  the
io n i z a t i o n  p o t e n t i a l  do n o t io n iz e  e f f e c t i v e l y .  E le c t ro n  c o l l i s i o n
io n i z a t i o n  i s  the  most e f f e c t i v e  and the  most w id e ly  used i o n i z a t i o n  
p rocess  i n  io n  sou rces , as i t  can be used to  produce ion s  o f  a l l  the  
e lem ents in  the  p e r io d ic  t a b le .  In  s e c t io n  2 .2 .  the  d i f f e r e n t  methods 
o f  g e n e ra t in g  the  e n e rg e t ic  e le c t ro n s  necessary f o r  t h i s  p rocess in  
io n  sources w i l l  be d iscu sse d .
2 .2  A B r i e f  Comparison o f  D i f f e r e n t  Types o f  Io n  Sources
Ion  sources are  in d is p e n s a b le  f o r  a number o f  s c i e n t i f i c  programmes o f  
w h ich  a c c e le ra to r  o p e ra t io n ,  io n  im p la n ta t io n  f o r  m ic r o e le c t r o n ic  
a p p l i c a t io n s  (m a in ly  dop ing  o f  sem iconductor d e v ic e s ) ,  n u c le a r  fu s io n ,  
plasma e tc h in g ,  e le c t ro m a g n e t ic  is o to p e  s e p a ra t io n  and io n  p ro p u ls io n  
o f  space v e h ic le s  s tand  o u t as the most im p o r ta n t .  T h is  s e c t io n  
d iscu sse s  and rev iew s the  most common and im p o r ta n t  types  o f  io n  
sources w i t h  a v iew  f o r  use in  the e le c t ro m a g n e t ic  mass s e p a ra t io n  o f
1-123 and 1-124. I t  must, however, be mentioned th a t  no c la im  f o r  
completeness i s  made h e re . A broad survey o f  gas and vapour io n  
sources has been c a r r ie d  ou t by S id en iu s  (S id 7 8 ) .
The s u c c e s s fu l  o p e ra t io n  o f  an is o to p e  s e p a ra to r  depends s u b s t a n t i a l l y  
upon the  performance o f  i t s  io n  sou rce . A p a r t  from hav in g  as h ig h  an
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i o n i z a t i o n  e f f i c i e n c y  as p o s s ib le ,  an io n  source shou ld  a ls o  have a 
lon g  l i f e t i m e ,  a low io n  energy spread, good access f o r  the 
in t r o d u c t i o n  o f  the  in p u t  m a te r ia l  and f o r  maintenance purposes, be 
r e l i a b le  and s ta b le .  L i f e t im e  l im i t a t i o n s  in  io n  sources are  m a in ly  
due to  the  c o r ro s iv e  and e ro s iv e  processes o c c u r r in g  d u r in g  io n  
g e n e ra t io n .  Many " u n iv e r s a l "  heavy io n  sources are re q u ire d  to  opera te  
a t  v e ry  h ig h  tem pera tu res  w i t h  c o r ro s iv e  and re a c t iv e  vapours , w h ich  
s e v e re ly  l i m i t  the  l i f e t i m e  o f  the  c o n s t ru c t io n  m a te r ia ls  and hence 
the  r e l i a b i l i t y  o f  the  sou rce . Ion  source s t a b i l i t y  i s  a f fe c te d  by 
such f a c to r s  as the  feed m a te r ia l ,  m a te r ia l  feed ra te s  and the  mode 
o f  o p e ra t io n .  Access i n t o  the  io n  source i s  im p o r ta n t  as f a r  as the  
method o f  in t r o d u c t io n  p a r t i c u l a r  to  a c e r ta in  feed m a te r ia l  i s  
concerned, i . e .  i f  access i s  l im i t e d  severe l i m i t a t i o n s  can be p la ced  
on the  i o n i z a t i o n  c a p a b i l i t i e s  and hence the  e f f i c i e n c y .
Table 2 .1  summarizes the  i o n i z a t i o n  e f f i c i e n c i e s ,  advantages and 
d isadvan tages  o f  the  io n  sources cons ide red  and a ls o  p ro v id e s  the  
re fe re n c e s .  A l l  the  io n  sources under c o n s id e ra t io n  here ach ieve  
io n i z a t i o n  by means o f  c o l l i s i o n s  by e n e rg e t ic  e le c t r o n s .  In  the 
duop lasm atron , h o l lo w  ca thode, h o t and co ld  cathode Penning i o n i z a t i o n  
gauges (PlGs) and fo rc e d  e le c t r o n  beam induced a rc  d isch a rg e  ( FEBIAD) 
io n  sources the  e le c t ro n s  are produced u s in g  a f i la m e n t  (c a th o d e ) .  The 
e le c t r o n s  are then  a c c e le ra te d  towards an anode, fo rm in g  an a rc  
d is ch a rg e  and c re a t in g  ion s  on the  way by c o l l i s i o n s  w i t h  n e u t r a ls .  By 
the  v e ry  n a tu re  o f  the  plasma g e n e ra t io n  p rocess , cathode and anode 
l i f e t im e s  in  a rc  plasma d isch a rg e  sources are l im i t e d ,  p r i n c i p a l l y  by 
p h y s ic a l  s p u t te r in g  due to  io n -  and e lec tron-bom bardm ent, 
r e s p e c t iv e ly ,  and chem ica l r e a c t io n  p rocesses. The c o r ro s io n  o f  the  
cathodes in s id e  the  source a ls o  in t ro d u c e s  an i n s t a b i l i t y  in  the  
o p e ra t io n  o f  the  source and hence a f f e c t s  the  i o n i z a t i o n  e f f i c i e n c y .  
T h e re fo re ,  a l th o u g h  r e l a t i v e l y  h igh  io n i z a t i o n  e f f i c i e n c i e s  have been 
measured w i t h  some o f  these sources (as in  the case o f  FEBIAD) an 
u n r e l i a b i l i t y  n e v e r th e le s s  s t i l l  e x is t s .  The ra d io  fre qu en cy  ion  
source i s  l im i t e d  to  the i o n i z a t i o n  o f  l i g h t  gases o n ly .  I t  has a 
s h o r t  l i f e t i m e ,  a v e ry  h ig h  energy spread o f  30-500 eV and a low 
i o n i z a t i o n  e f f i c i e n c y  making i t  u n s u i ta b le  f o r  the  purpose o f  is o to p e  
s e p a ra t io n .
C o n s id e r in g  the  sources i n d i v i d u a l l y ,  the h o l lo w  cathode source
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Ion Sources Ion ization
E ff ic iency
Advantages Disadvantages
Duoplasmatron
[Wil73, Cla77, 
Sid78, Tak78, 
A lt81 ]
30% (H2) -  High 
e ff ic ie n cy
-  low energy 
spread
-  Electrode wear
-  Short l i fe t im e
-  re s tr ic te d  to 
non-corrosive gases
-  No access
-  Complex design
High Temperature 
Hollow Cathode
tWil73, Sid78, 
A lt81 , Kir81}
7% (H, Au, 
Eu)
10% (Ag)
13% (Xe)
25% (Ar)
-  High
e ff ic ie n cy
-  Electrode wear
-  Short l i fe t im e
-  Very high 
temperature
-  Access only through 
micro-oven
-  Complex design
Hot Cathode 
Penning 
Ion iza t ion  
Gauge (PIG)
[Wil73, Cla77, 
Sid78]
Low -  Low energy 
spread
-  Electrode wear
-  Very short l i fe t im e
-  Poor beam focusing
-  No access
Cold Cathode 
Penning 
Ion iza t ion  
Gauge (PIG)
[Wil73, Cla77, 
Sid78)
Low -  Electrode wear
-  Short l i fe t im e
-  Large energy spread
-  Works w e ll only 
fo r  gases a t  high 
pressures and gases 
containing boron 
and phospohorus
-  No access
Table 2 .1  : Summary o f  the  i o n i z a t i o n  e f f i c i e n c i e s ,  advantages 
and d isadvan tages  o f  se v e ra l  ion  sou rces , which 
opera te  by means o f  e le c t r o n  bombardment.
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FEBIAD
[Kir81, Kle81, 
Sch81]
0.5% ( I )
20% (Cs,Hg) 
23% (Kr)
24% (Po)
48% (Xe)
-  Low energy 
spread
-  Long 
l i fe t im e
-  High 
e f f ic ie ncy
-  Electrode wear
-  Limited pressure 
range
-  Im purit ies in  
ion beam
-  Complex structure
-  in s t a b i l i t y  o f 
e f f ic ie n cy  w ith  
pressure varia t ions
Radio frequency
[Wil73, Sid78, 
A l tS l ]
10% (h2) -  N O  
electrodes
-  Reliable
-  Large energy spread
-  Short l i fe t im e
-  re s tr ic te d  to  gases
-  No access
Table 2 .1 : Summary o f  the  i o n i z a t i o n  e f f i c i e n c i e s ,  advantages and 
d isadvan tages  o f  s e v e ra l  io n  sources, wh ich  opera te  by 
means o f  e le c t r o n  bombardment.
o pe ra te s  a t  a v e ry  h ig h  tem pera tu re  (200Q°C) r e q u i r in g  s p e c ia l  
h ig h - te m p e r a tu r e - r e s is ta n t  m a te r ia ls  and a complex d e s ig n .  The FEBIAD 
source d is p la y s  plasma and i o n i z a t i o n  e f f i c i e n c y  i n s t a b i l i t i e s  w i t h  
s l i g h t  p ressu re  v a r ia t io n s  and a ls o  has im p u r i t ie s  p re s e n t i n  i t s  io n  
beam. The duop lasm atron  i s  r e s t r i c t e d  to  n o n -c o r ro s iv e  gases o n ly ,  
w h i le  the  c o ld  cathode PIG works w e l l  o n ly  f o r  gases a t  h ig h  p re ssu re s  
and f o r  gases c o n ta in in g  boron o r  phosphorus. The poor e m it ta n ce  o f  
the  h o t  cathode PIG and the  la rg e  energy spread (50 eV) o f  the  c o ld  
cathode PIG r e s t r i c t  t h e i r  use w i t h  is o to p e  s e p a ra to rs .
2 .3  The E x t r a c t io n  o f  Io n  Beams
The e x t r a c t io n  o f  a beam o f  p o s i t i v e  ions  from a plasma source can be 
ach ieved  th rough  an a p e r tu re  in  the volume c o n ta in in g  the plasma. A 
n e g a t iv e  p o t e n t i a l  i s  a p p l ie d  to  an e x te rn a l  e x t r a c t io n  e le c t ro d e ,  
w i t h  re s p e c t  to  the  plasma e le c t ro d e  which d e f in e s  the  a p e r tu re  o r  the  
e x i t  h o le .  In  o rd e r  to  a c c e le ra te  and subsequen tly  focus  the  io n  beam 
an arrangement o f  c a r e f u l l y  designed e le c t ro d e s  must be used. The 
re q u ire m en t o f  the  e x t r a c t io n  system i s  to  c re a te  the  p rope r 
c o n f ig u r a t io n  o f  e l e c t r i c  f i e l d s  a t  the  su r fa ce  o f  the  io n  source and 
a lo n g  the  a c c e le ra t io n  p a th .  The ion s  are e m it te d  by t h i s  s u r fa c e ,  
a ls o  known as the  plasma shea th , which i s  a boundary formed between
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the  plasma, where the  e le c t r o n  and io n  d e n s i t ie s  are e q u a l,  and the  
io n  beam, where the  e le c t r o n  d e n s i ty  i s  ze ro . I t  i s  a re g io n  in  wh ich  
a no n -ze ro  e l e c t r i c  f i e l d  o ccu rs ,  which r e f l e c t s  the  e le c t ro n s  and 
a c c e le ra te s  the  io n s .  The shape o f  the  plasma sheath in  the  plasma 
e le c t ro d e  a p e r tu re  i s  f l u i d  depending upon the c u r r e n t  d e n s i t y ,  io n  
s u p p ly  ra te  and the  e l e c t r i c  f i e l d  a p p l ie d .  The form  o f  the  e x t ra c te d  
io n  beam depends upon the  shape o f  the  plasma shea th , which i s
convergen t when the  sheath i s  concave, d iv e rg e n t  w i t h  a convex
sheath  and p a r a l l e l  w i th  a p la n a r  sheath .
The c u rv a tu re  o f  the  plasma shea th , a cco rd in g  to  Green [G re 7 4 ],  
depends upon the  perveance, which i s  a con ven ie n t te rm  used to  
c l a s s i f y  io n  sou rces , and i s  d e f in e d  as the  r a t i o  o f  the  io n  c u r r e n t ,  
I ,  in  the  beam to  e x t r a c t io n  v o l ta g e ,  V, ra is e d  to  the  power 3 /2 .
Green has shown t h a t  i t  i s  p o s s ib le  to  a p p ly  the  e q u a t io n s  de te rm ined  
by Langmuir and B lo d g e t t  [L a n 2 4 ],  f o r  e le c t r o n  f lo w  between 
c o n c e n t r ic a l  s p h e r ic a l  cathodes and anodes, i n  o rd e r  to  r e la t e  the 
space charge l im i t e d  io n  c u r re n t  to  the  c u rv a tu re  o f  the  plasma 
shea th , by c o r r e c t in g  f o r  the  io n  mass (A) and charge (Z ) .  For an
e x t r a c t i o n  system w i th  an a c c e le r a t io n  gap between the  e le c t r o d e s ,  d,
and ra d iu s  o f  plasma e le c t ro d e  a p e r tu re ,  a, (F ig u re  2 .2 )  the  ra d iu s  o f  
c u rv a tu re  o f  the  plasma shea th , r c , i s  r e la te d  to  the  p ro to n
e q u iv a le n t  perveance as fo l lo w s  (as long as d < r  }  [Gre74 ] :
I 'A' 1 /2 f d ]
P„ « - r r r — = P 1 -1 .6  — (2 .2 )P v ^ /2 pc u
-7 2where, P •= 1.72 x 10 (a /d )  i s  the  perveance f o r  p a r a l l e l  f lo wpc
across  the  e x t r a c t io n  gap. A cco rd in g  to  e q u a t io n  2 .2 ,  when i s  
g re a te r  than  PDC, r  i s  n e g a t iv e ,  i . e .  the  plasma sheath  i s  convex
•i
and when P_ i s  le s s  than P^ . the  plasma sheath i s  concave as r  i sP  p c ' * c
p o s i t i v e .  By d e f in in g  0 = a/ r c as the  h a l f  angle o f  the  beam in  the  
e x t r a c t i o n  gap, 9 can be o b ta in e d  by m a n ip u la t in g  e q u a t io n  2.2
Hence the  d ive rgence  o r  convergence o f  the e x t ra c te d  beam can be 
o b ta in e d  from  e q u a t io n  2 .3 ,  where p o s i t i v e  8 corresponds to  
convergence ( r  p o s i t i v e )  and n e g a t iv e  © to  d ive rgence  ( r  n e g a t iv e ) .
V C
Green has d e r iv e d  the  h a l f  angle  o f  the  beam in  the  f i e l d  f r e e  re g io n  
beyond the  e x t r a c t io n  e le c t ro d e  which i s  g iven  by
$ = 0 . 5 ”
d
1.67 P J  
1 -   & (2 .4 )
pc
T h e re fo re  the  optimum per.veance i s  o b ta in e d  when $ = 0, so t h a t
P = P / 1 . 6 7  p pc/ (2 .5 )
The v o l ta g e  which can be a p p l ie d  across the  e x t r a c t io n  gap b e fo re  i t  
breaks down i s  l im i t e d  by the  breakdown v o lta g e  g ive n  by [Gre76]
6 x 10** d [ V ]
The e f f e c t i v e  e x t r a c t io n  gap, dg , i s  o b ta in ed  by ta k in g  i n t o  accoun t
the  th ic k n e s s  o f  the  plasma e le c t r o d e ,  d^., so t h a t  d = d + d .o e o
A cco rd in g  to  e q u a t io n  2 .5  the  space charge l im i t e d  e x t ra c te d  c u r r e n t  
i s  g ive n  by
1.03 x 10-7
''Z'l
(A ,
CA) ( 2 . 6
(d + dD)
The d e s ig n  o f  the  plasma e le c t ro d e  shown in  F igu re  2 .2  i s  based on the  
P ie rc e - ty p e  e le c t r o n  gun [B re67J , which i s  used f o r  example in  
microwave t r a n s m i t t e r s .  The plasma e le c t ro d e  i s  designed such t h a t  i t  
has the  shape o f  the  zero e q u ip o te n t ia l ,  fo rm ing  one boundary o f  the  
f i e l d s  e x te rn a l  to  the  io n  beam. Th is  re q u ire s  a d isp la cem en t o f  the  
plasma e le c t ro d e  a t  an ang le  o f  67 .5° from the beam edge, which assures 
a c o r r e c t  d i s t r i b u t i o n  o f  the  e l e c t r i c  f l u x  l in e s  to  o b ta in  a p a r a l l e l  
beam between the  plasma and e x t r a c t io n  e le c t ro d e s .
The d e s ig n  o f  the  e x t r a c t io n  system depends on the  a p p l i c a t io n  o f  the  
io n  sou rce . For io n  sources where the  main req u ire m en t i s  to  e x t r a c t  a
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F ig u re  2 .2  : A t y p i c a l  e x t r a c t io n  system o f  an io n  sou rce .
h ig h  c u r r e n t  io n  beam the  ra d iu s  o f  the  plasma e le c t ro d e  a p e r tu re  has 
to  be la r g e ,  as I  i s  p r o p o r t io n a l  to  a . For h ig h  c u r re n ts ,  the  
space charge e f f e c t  i s  p re s e n t which  r e s u l t s  in  the  expansion o f  the  
io n  beam. The presence o f  a h ig h  d e n s i ty  o f  p o s i t i v e  charges c re a te s  a 
t ra n s v e rs e  e l e c t r i c  f i e l d ,  wh ich  e x e rc is e s  an outward Coulomb fo rc e  
ca us ing  the  beam to  expand in  d ia m e te r .  Space charge expansion can be 
compensated in  p r i n c i p le  by s e l f - n e u t r a l i z a t i o n  due to  p ro d u c t io n  o f  
e le c t r o n s  i n  the  io n  beam by ion -g a s  c o l l i s i o n s  o r  by fo rc e d  
n e u t r a l i z a t i o n  by the  i n j e c t i o n  o f  an e le c t r o n  beam. On the o th e r  
hand, where a h ig h  i o n i z a t i o n  e f f i c i e n c y  i s  in d is p e n s a b le ,  as in  the  
case o f  the  K a r ls ru h e  ECR io n  sou rce , the plasma a p e r tu re  must be as 
sm a ll  as p o s s ib le  i n  o rd e r  to  p re ve n t the leakage o f  the  n e u t r a l  atoms 
w hich  escape i o n i z a t i o n  in  the  plasma, w h i le  a t  the  same tim e 
e x t r a c t i n g  the  maximum space-charge l im i t e d  c u r re n t  to  in c re a se  the  
i o n i z a t i o n  e f f i c i e n c y  o f  the  io n  source .
CHAPTER 3. THE ELECTRON CYCLOTRON RESONANCE THEORY
The h o t  e le c t ro n s  i n  an E le c t ro n  C y c lo tro n  Resonance (ECR) plasma are 
c re a te d  by means o f  ECR h e a t in g  by fe e d in g  microwaves o f  a f i x e d  
fre q u e n cy  i n t o  a con ta inm ent c a v i t y  i n  the presence o f  an a p p ro p r ia te  
magnetic  f i e l d .  The b a s ic  m agnetic  f i e l d  requ irem en t f o r  an ECR io n  
source i s  a s im p le  m agnetic  m i r r o r  c o n f ig u r a t io n ,  wh ich  c o n s is ts  o f  
two maxima w i th  a minimum in  between. E le c t ro n s  g y r a t in g  a long  the  
m agnetic  f i e l d  l i n e s  can be made to  resonate  w i th  the  incom ing 
microwaves and th e re fo re  be heated i f  t h e i r  c y c lo t r o n  fre q uen cy  (w ) 
equa ls  the  microwave frequency  (<*>r f ) .  The resonance c o n d i t io n  i s  
th e r e fo r e  s a t i s f i e d  when:
eB
2 nv
ecr
to
m r f
(3 .1
where e and m are the  e le c t r o n i c  charge and mass, Bec r  i s  the  
m agnetic  f i e l d  where the  resonance occurs  and v i s  the  e le c t r o n  
r o t a t i o n a l  f requency  (The e le c t r o n  c y c lo t r o n  resonance fre q uen cy  can 
be w r i t t e n  in  co n ve n ie n t u n i t s  as: v [GHz] » 27.99 B [ T e s la ] . )v3 v* t  © C L
3.1  M agnetic  M i r r o r  Trap
A p a r t  from  the  use o f  the  m agnetic  m i r r o r  t r a p  mechanism in  ECR io n  
sou rces , the  o th e r  im p o r ta n t  a p p l i c a t io n  i s  the  con finem ent o f  fu s io n  
p lasmas. The con finem en t mechanism in  bo th  cases i s  the  same excep t 
t h a t  i n  ECR io n  sources the  f i e l d  c o n f ig u r a t io n  i s  "open-ended" ( i . e .  
c y l i n d r i c a l ) ,  whereas, in  the  case o f  fu s io n  plasmas i t  i s  t o r o i d a l .  
In  an ECR io n  source the  m i r r o r  t r a p  i s  used to  p ro lo n g  the  l i f e t i m e  
o f  th e  e le c t ro n s  in  the  plasma in  o rd e r  to  inc re ase  the  i o n i z a t i o n  
e f f i c i e n c y .  The p o s i t i v e  io n s ,  on the  o th e r  hand, are n o t c o n f in e d  as 
w e l l  as the  e le c t ro n s  and are a l lo w e d  to  d i f f u s e  a x i a l l y  ou t o f  the  
m i r r o r  f i e l d  in  o rd e r  to  be e x t ra c te d  o u t o f  the  io n  sou rce .
The m agnetic  m i r r o r  f i e l d  c o n f ig u r a t io n  in  ECR io n  sources i s  c re a te d  
by means o f  two se ts  o f  s o le n o id  c o i l s ,  which i s  shown in  F ig u re  3 .1 ,  
w i th  the  a x ia l  f i e l d  d i s t r i b u t i o n  a t  ra d iu s  = 0. The m i r r o r  f i e l d  i s
24
Solenoid z=0 magnetic field lines
F ig u re  3 .1  The m agnetic  f i e l d  in  an ECR io n  source i s  u s u a l l y  c re a te d  
by means o f  s o le n o id  c o i l s .  The f i e l d  l i n e s  in  the  minimum 
f i e l d  re g io n  are concave to  the plasma. The a x ia l  
d i s t r i b u t i o n  o f  the  m agnetic  f i e l d  a t  r=0 shows two 
maxima and a minimum.
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c h a ra c te r iz e d  by the r a t i o  o f  the  maximum m agnetic  f i e l d s  (Bm) to
the  minimum (B ) ,  which i s  c a l le d  the  m i r r o r  r a t i o ,  R *  B „/B  .o m o
A t  the  maxima the  m agnetic  f i e l d  has a p o s i t i v e  g ra d ie n t  
( ( 3 B /3 r )  > 0 ) ,  whereas, the  f i e l d  g ra d ie n t  a t  the  minimum i s
n e g a t iv e  ( ( 9 B / 8 r ) Q < 0 ) .
The m otion  o f  bo th  e le c t ro n s  and ion s  in  the m i r r o r  t r a p  i s  d ic t a te d  
by the  inhom ogene ity  o f  the  m agnetic  f i e l d .  In  a t im e - in d e p e n d e n t ,  
homogeneous m agnetic  f i e l d  a charged p a r t i c l e  undergoes a s im ple  
c y c lo t r o n  g y r a t io n  d e s c r ib in g  a h e l i c a l  m otion  about the  m agnetic  
f i e l d  l i n e s .  The a x is  o f  the  h e l i x  o r  g u id in g  c e n tre  o f  the  p a r t i c l e  
moves p a r a l l e l  to  the  f i e l d  l i n e s ,  w i th  the p a r t i c l e  e x p e r ie n c in g  a 
c e n t r i f u g a l  fo rc e  <Fcf> due to  i t s  mass balanced by a c e n t r i p e t a l  
fo rc e  (FCp) due to  the  L o ren tz  fo rc e  r e s u l t in g  from  i t s  charge :
mv?
F cf “ —  " ^ v tB - F cp <3 '
where q «= charge o f  p a r t i c l e ,
m = mass o f  charged p a r t i c l e ,
v fc = v e lo c i t y  component t ra n s v e rs e  to  the  f i e l d  l i n e s ,
B -  m agnetic  f i e l d  s t re n g th .
The ra d iu s  o f  g y r a t io n  o r  the  Larmor ra d iu s  o f  the  p a r t i c l e  i s
th e r e fo r e  g iven  by
qB «c
where <*>c = qB/m i s  the  g y ro fre qu e n cy  o f  the  p a r t i c l e ,  which depends 
o n ly  on the  r a t i o  o f  v fc and r .  I t  can be seen from e q u a t io n  3 .3 th a t  
the  Larmor ra d iu s  remains co n s ta n t  in  a u n ifo rm  m agnetic  f i e l d .  For an 
e le c t r o n  the  Larmor ra d iu s  can be s im p l i f i e d  as r = 0 . 0034VVB (mm) 
where V i s  i t s  k i n e t i c  energy in  eV and B i s  in  T es la .
In  a t im e - in d e p e n d e n t inhomogeneous magnetic  f i e l d  sym m e tr ica l about
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the  z - a x is ,  such as in  a m i r r o r  f i e l d  c o n f ig u r a t io n ,  the  Larmor ra d iu s  
changes w i th  the  v a r ia t i o n  o f  the  m agnetic  f i e l d .  An e le c t r o n  
t r a v e l l i n g  w i th  a co n s ta n t  v e lo c i t y  from the maximum f i e l d  re g io n  
towards the  f i e l d  minimum exper iences  an inc re a se  in  i t s  Larmor ra d iu s  
in v e r s e ly  p r o p o r t io n a l  to  the  decrease in  the m agnetic  f i e l d  as shown 
by e q u a t io n  3 .3 .  S im u lta n e o u s ly ,  the  g y ro frequ en cy  o f  the  e le c t r o n  
undergoes a d rop  w i t h  the  decrease in  the  magnetic  f i e l d .  The m otion  
o f  an e le c t r o n  in  a m i r r o r  f i e l d  th e re fo re  d e s c r ib e s  a h e l i x  w i t h  a 
s t e a d i l y  changing Larmor ra d iu s  and g y ro fre q u e n c y . The p i t c h  a n g le ,  9,  
f o r  the  h e l i c a l  m otion  o f  the  e le c t r o n  i s  d e f in e d  as the  ang le  between 
the  r e s u l t a n t  v e lo c i t y ,  |v |  and the  l o n g i t u d in a l  v e l o c i t y  component, 
v z : 0 = s in “ 1 ( v t / | v | ) .
The t r a p p in g  o f  the  e le c t ro n s  in  the  m i r r o r  f i e l d  i s  ach ieved  by the
in v a r ia n c e  o f  the  d ia m ag n e t ic  moment, p ,  o f  the  g y r a t in g  e le c t r o n s .  The
d ia m a g n e t ic  moment o f  the  e le c t ro n s  i s  d e f in e d  as: f i l a m e n ta r y  c u r r e n t ,
I  x area enc losed by charge , A. I  i s  generated by the  e le c t r o n i c  charge
2 2 2e r o t a t i n g  w / 2 k t im es a second: I  = eco_/2rc and A = itr *  nv7/wZ.C C U c
Hence
1 mvj?
p    -  (3 .4 )
2 B
I t  can be shown th a t  p remains i n v a r ia n t  as an e le c t r o n  moves i n t o  a
re g io n  o f  s t ro n g e r  o r weaker m agnetic  f i e l d .  I f  an e le c t r o n ,  i n  the
course o f  i t s  the rm a l m o tio n , moves a x i a l l y  from a l o w - f i e l d  re g io n  to
a h i g h - f i e l d  re g io n  i t  e xper iences  an in c re a s in g  B, which must be
compensated by an in c re a se  in  i t s  v. in  o rde r to  keep p c o n s ta n t .  As
1 2  1 2i t s  t o t a l  k i n e t i c  energy must be conserved, i . e .  E^ = 2mvt  + 2mvz 
= c o n s ta n t ,  i t s  v z must n e c e s s a r i ly  decrease a t  the  same t im e .
T h e re fo re  an in c re a se  in  B leads  to  a decrease in  v . I f  B in  thez
re g io n  o f  the  maximum i s  h ig h  enough v e v e n tu a l ly  becomes zero andz  ^
the  e le c t r o n  i s  r e f le c te d  back towards the  l o w - f i e l d  re g io n  by an
a x ia l  re p u ls iv e  fo r c e ,  F = -ji/( 3 B _ /3 z ) . Th is  re p u ls iv e  fo rc e  i s  a ls oz z
known as the " m i r r o r  fo r c e "  and the  p o in t  o f  r e f l e c t i o n  o f  the  
e le c t r o n  i s  c a l le d  the  "m agnetic  m i r r o r " .  A c o l l e c t i o n  o f  these p o in ts  
makes up a s o - c a l le d  " m i r r o r  s u r fa c e " .  A m i r r o r  f i e l d  c o n f ig u r a t io n  
c o n s is ts  o f  two such m i r r o r  s u r fa ce s  which r e f l e c t  the  e le c t ro n s
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a x i a l l y  o n ly .  The e le c t ro n s  th e re fo re  undergo numerous o s c i l l a t i o n s  
a long  the  f i e l d  l i n e s  between the  m i r r o r  s u r fa c e s ,  which lead  to  t h e i r  
con f inem en t in  the ECR plasma. The t ra p p in g  mechanism o f  a m agnetic  
m i r r o r  a ls o  works on io n s ,  b u t i s  much weaker f o r  c o ld  ions  
( v fc -  10 eV) than f o r  h o t e le c t ro n s  ( v fc ~ 1-100 keV).
E v e n  f o r  e l e c t r o n s  t h e  m i r r o r  t r a p  i s  n o t  p e r f e c t ,  h o w e v e r ,  s i n c e  
e l e c t r o n s  w i t h  «  0 h a v e  /j »  0 a n d  t h e r e f o r e  d o  n o t  e x p e r i e n c e  a n y  
a x i a l  r e p u l s i v e  f o r c e .  I n  a d d i t i o n  t h e  e l e c t r o n s  c a n  a l s o  b e  l o s t  
t h r o u g h  a  s o - c a l l e d  " l o s s  c o n e "  d e f i n e d  i n  t h e  v e l o c i t y  s p a c e  o f  t h e  e l e c t r o n s .  L e t  a n  e l e c t r o n  a t  t h e  r e g i o n  o f  m i n i m u m  f i e l d  ( B  -  B Q )
w i t h  v z -  v z o ' v t ■  v t o  a n d  M  ’  v o  h a v e  v z ”  v z r  0 ) ' v t ■  v t r  a n d  |v| *  v r a t  t h e  p o i n t  o f  r e f l e c t i o n  ( B  -  B r )* A c c o r d i n g  t o  t h e
i n v a r i a n c e  o f  fj
F ig u re  3.2 : The lo s s  cone i s  rep resen ted  in  the v e lo c i t y  space 
o f  the  e le c t r o n .  An e le c t r o n  w i th  a p i t c h  a n g le ,  6, 
le s s  than  9^c i s  l o s t  from the  m i r r o r  t r a p .
(3 .5 )
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Bo v to
Hence
f (3.6)
Br v t r
As the  t o t a l  energy o f  the  e le c t r o n  must be conserved and v *  0,z r
v o *  v r “  . S u b s t i t u t in g  in  e q ua t io n  3.6
Bo v to  . 2*—  *  —=— a s in  0 (3 .7 )
B r v o
where 9 i s  the  p i t c h  angle  o f  the  o r b i t .  A cco rd ing  to  e q u a t io n  3 .7 i f
0 i s  so sm a ll t h a t  B_ > the  e le c t r o n  i s  n o t r e f l e c t e d  in  th e  h ig h -r m 3
f i e l d  re g io n .  T h e re fo re  s u b s t i t u t i n g  Br by Bm in  e q u a t io n  3 .7 the  
s m a l le s t  9 necessary  f o r  the  r e f l e c t i o n  o f  an e le c t r o n  can be 
o b ta in e d :
, B i
s in  0, -  ~  -  -  (3 .8 )
B R
m
—1 kwhere 0^c i s  the  p i t c h  ang le  o f  the  lo s s  cone. 0l c  -  s in  ( 1 / R p  
d e f in e s  the  boundary o f  two lo s s  cones in  d i r e c t io n s  p a r a l l e l  and 
a n t i p a r a l l e l  w i t h  the  l o n g i t u d in a l  v e lo c i t y  component i n  the  v e l o c i t y  
space shown (F ig u re  3 .2 ) .  E le c t ro n s  l y i n g  w i t h i n  the  lo s s  cone are  n o t  
c o n f in e d  and are  l o s t  from  the  m i r r o r  t r a p .  A cco rd in g  to  e q u a t io n  3 .8  
a la rg e  m i r r o r  r a t i o  leads  to  a s m a lle r  lo s s  cone r e s u l t i n g  in  a 
b e t t e r  con finem en t o f  the  e le c t r o n s .  The m i r r o r  r a t i o  th e re fo re  
in f lu e n c e s  the  l i f e t i m e  o f  the  e le c t r o n s  and hence the  average energy 
th e y  g a in  th ro ugh  ECR, which i s  o f  im portance f o r  the  i o n i z a t i o n  
e f f i c i e n c y  o f  the  ECR io n  sou rce . In  a d d i t io n ,  a h ig h  t ra n s v e rs e  
v e l o c i t y  o f  the  e le c t r o n s ,  i . e .  v ^ / v  >> 1, p re ven ts  t h e i r  e n t r y  in  
the  lo s s  cone and th e re fo re  improves the  m i r r o r  t r a p p in g  e f f e c t .
The h o t  e le c t r o n s  produced by microwave h e a t in g  in  an ECR plasma 
c re a te  io n s ,  d u r in g  the  course o f  t h e i r  o s c i l l a t i o n s  between the  
m i r r o r s ,  by c o l l i s i o n s  w i t h  n e u t r a ls  and ions  p re se n t i n  the  plasma. 
The io n s  are  m a in ly  produced by s in g le - s te p  i o n i z a t i o n :  q-1 —» q,
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where q i s  the  charge s ta te  o f  the  ions  produced. M u l t ip le - s te p  
i o n i z a t i o n :  q -n  —♦ q, where n i s  the  io n i z a t i o n  s te p - s iz e ,  has a 
much low er p r o b a b l i t y  and can be ig n o re d .
i n  a h ig h ly - io n iz e d  plasma such as in  an ECR io n  source io n - io n ,  
e le c t r o n - e le c t r o n  and io n - e le c t r o n  Coulomb c o l l i s i o n s  p la y  a v e ry  
im p o r ta n t  r o le  in  the  con finem ent o f  the  charged p a r t i c l e s .  Due to  
s c a t t e r in g  o f  the  p a r t i c l e s  d u r in g  these c o l l i s i o n s  the  p a r t i c l e s  can 
be l o s t  from  the  plasma by means o f  two lo s s  mechanisms [A rd 6 6 ] :
(1) by the  d e c e le ra t io n  o f  a p a r t i c l e ,  i . e .  a decrease i n  v ^ ,  and
(2) by the  d i r e c t  co n ve rs io n  o f  t ra n s v e rs e  energy i n t o  l o n g i t u d in a l  
energy ( v fc —► v z )» Both o f  these mechanisms reduce th e  p i t c h  ang le  o f  
the  p a r t i c l e s  such th a t  th e y  f a l l  i n t o  the  lo s s  cone and escape from  
the  m i r r o r  t r a p .
3 .2  Minimum-B C o n f ig u ra t io n
Charged p a r t i c l e s  in  a s im p le  m agnetic  m i r r o r  undergo th re e  d i f f e r e n t  
p e r io d ic  m o tions :
-  Larmor g y ra t io n s  around f i e l d  l in e s  w i th  fre q uen cy  wc and 
p e r io d  o f  g y r a t io n ,  « 2n/i*>c -  2nm/qB, which i s  independent
o f  the  p a r t i c l e  energy,
-  o s c i l l a t i o n s  a long  f i e l d  l i n e s  between the  m agnetic  m i r ro r s  w i t h
the  p e r io d  o f  o s c i l l a t i o n ,  t « l / v „ ,  and
Z  z
-  a z im u th a l  d r i f t  o r b i t s  around the  whole m agnetic  s t r u c tu r e ,  due to  
the  r a d i a l l y  d e c rea s in g  m agnetic  f i e l d  i n  the  minimum re g io n ,  w i th  
the  o r b i t a l  p e r io d ,  « 1 /v ^ .
T h e re fo re
T << T << X. g z t
Due to  the  a z im u th a l d r i f t  in  the  minimum re g io n  a charged p a r t i c l e  
may be t r a n s fe r r e d  to  f i e l d  l in e s  where magnetic  con finem en t i s
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impossible, i.e. 0 < and into the loss cone.
In  a s im p le  m i r r o r  c o n f ig u r a t io n  such as th a t  shown in  F igu re  3 .1  the  
f a c t  t h a t  (9 B /3 r )  < 0 in  the  minimum f i e l d  re g io n  r e s u l t s  i n  the  
m agnetic  f i e l d  l i n e s  b e ing  concave r e la t i v e  to  the  plasma. T h is
F ig u re  3.3 : A minimum-B c o n f ig u r a t io n  i s  o b ta in e d  by the
s u p e rp o s i t io n  o f  the  m i r r o r  f i e l d  w i th  a h exapo la r 
f i e l d .  In  such a f i e l d  c o n f ig u r a t io n  the  m agnetic  
f i e l d  in c re a se s  in  a l l  the  d i r e c t io n s  from  the  
c e n tre  and the  f i e l d  l i n e s  a re ,  in  a d d i t i o n ,  curved 
to  the  plasma, wh ich  improves i t s  co n finem e n t.
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c h a r a c t e r i s t i c  makes the m i r r o r  f i e l d  u n s ta b le  a g a in s t  what i s  known 
as the  " g r a v i t a t i o n a l  f l u t e  i n s t a b i l i t y "  as the  c e n t r i f u g a l  fo rc e  i s  
d i r e c te d  in  the  o p p o s i te  d i r e c t i o n  to  the d e n s i ty  g ra d ie n t  [L e h 6 4 ] .
The e le m e n ta ry  mechanism o f  the  f l u t e  i n s t a b l i t y  i s  connected w i t h  an 
o p p o s i te  d r i f t  o f  e le c t ro n s  and ions  in  a r a d i a l l y  de c re a s in g  m agnetic  
f i e l d .  T h is  i n s t a b l i t y ,  wh ich  s t a r t s  d e ve lo p ing  a t  v e ry  low  plasma 
d e n s i t i e s  [ I o f 6 5 ] ,  r e s u l t s  in  the  plasma moving r a d i a l l y  across  the  
m agnetic  f i e l d .  In  o rd e r  to  p re v e n t  t h i s  i n s t a b i l i t y  i t  i s  necessary  
to  have a m agnetic  c o n f ig u r a t io n  i n  which the  f i e l d  s t re n g th  in c re a s e s  
i n  a l l  d i r e c t io n s  from  the  c e n t r a l  re g io n  o f  the  t r a p  and the  f i e l d  
l i n e s  a re  convex to  the  plasma (F ig u re  3 .3 ) .  I o f f e  [ I o f 6 5 ]  has shown 
t h a t  such a m agnetic  c o n f ig u r a t io n  can be o b ta in e d  by adding  to  the  
c o i l s  o f  a s im p le  m i r r o r ,  m u l t ip le  co n duc t ing  bars lo c a te d  around the  
c i rc u m fe re n c e ,  p a r a l l e l  to  the  a x is  and c a r r y in g  c u r re n t  in  
a l t e r n a t i n g  d i r e c t io n s .  The plasma in  such a f i e l d  geometry f in d s  
i t s e l f  in  an "a b s o lu te  m agnetic  w e l l " ,  i . e .  the  f i e l d  s t re n g th  
in c re a se s  in  eve ry  d i r e c t i o n ,  bo th  r a d i a l l y  and a x i a l l y .  T h is  h y b r id  
m i r r o r  t r a p  i s  th e re fo re  c a l le d  a "minimum-B" c o n f ig u r a t io n .
In s te a d  o f  u s in g  co n d u c t in g  ba rs  to  produce the  s t a b i l i z i n g  m u l t i p o la r  
f i e l d  permanent magnets, e .g .  ra re  e a r th  a l lo y s  such as samarium 
c o b a l t ,  can be used to  c re a te  the  same f i e l d .  The l o n g i t u d in a l  
permanent bar magnet o f  the  m u l t ip o le  can be magnetized e i t h e r  in  the  
r a d ia l  o r  a z im u th a l d i r e c t i o n  o n ly ,  w i t h  the  d i r e c t i o n  o f  
m a g n e t iz a t io n  a l t e r n a t i n g  from  bar to  b a r .  The f i e l d  l i n e s  r e s u l t i n g  
from  the  s u p e rp o s i t io n  o f  the  m i r r o r  and m u l t ip o la r  f i e l d s  have a 
complex 3 -d im e n s io n a l s t r u c tu r e  and are d i f f i c u l t  to  v i s u a l i z e .  I t  i s  
th e r e fo r e  n o t  easy to  de te rm ine  the  shape o f  the  plasma in  a minimum-B 
f i e l d .  Jongen [Jon80] has c a lc u la te d  the  boundaries  o f  the  plasma by 
f o l lo w in g  the  pa ths  o f  i n d i v i d u a l  f i e l d  l in e s  i n  bo th  d i r e c t io n s  from  
z = 0 up to  the  p o in t  where th e y  reach the  w a l l  o f  the  con ta inm en t 
v e s s e l .  He has d is p la y e d  the  lo c a t io n s  o f  f i e l d  l i n e s  p re se n t a t  
d i f f e r e n t  p lanes  o r th o g o n a l to  the  z -a x is  by e l im in a t in g  those f i e l d  
l i n e s  whose m i r r o r  r a t i o s  do n o t  exceed an a r b i t r a r y  th re s h o ld  va lu e  
p e rm i t te d  f o r  m agnetic  con finem en t o f  p a r t i c l e s  w i t h  co n s ta n t  e n e rg ie s  
( c f .  e q u a t io n  3 .8 ) .  In  F ig u re  3 .4  i t  can be seen th a t  the  shape o f  the 
plasma in  a minimum-B c o n f ig u r a t io n  em ploying a h e xap o la r  f i e l d  i s  
d i s t o r t e d  i n t o  an asymmetric shape. The t r i s t a r  shaped plasma i s  
r o ta te d  by 60° a t  z = 0 because the  r a d ia l  component, Br , o f  the
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F ig u re  3.4 : An a r t i s t ' s  im p re ss io n  o f  the d is t o r t e d  plasma c re a te d  
in  a minimum-B c o n f ig u r a t io n  by means o f  s o le n o id a l  
and h exapo la r  f i e l d s .  One o f  the hexapole bars  has 
been l e f t  o u t f o r  c l a r i t y .
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m agnetic  f i e l d  changes i t s  s ig n  a t  z -  0. The shape o f  the  plasma 
o b ta in e d  w i t h  t h i s  method agrees v e ry  w e l l  w i t h  the  p h y s ic a l  t ra c e s  
l e f t  by the  plasma on the  chamber w a l ls  and on the  e x t r a c t io n  
e le c t r o d e s .
In  th e o ry  the  s t a b i l i t y  o f  the  plasma can be ach ieved w i th  any even 
number o f  m u l t ip o le s .  I t  i s  however o f  i n t e r e s t  to  no te  th a t  n e a r ly  
a l l  ECR io n  sources b u i l t  so f a r  have used hexapoles [Bec81a, Bec84, 
Gel76, Gel79, Jon83 ],  a p a r t  from  the  ECR io n  sources b u i l t  i n  B e rk e le y  
by Jongen and Lyne is  [Jon85] and in  L ouva in - la -N euve  by C h e v a l ie r  and 
Jongen [C he86], bo th  o f  which use an o c tu p o le  magnet in s te a d .
I n  a  s i m p l e  m i r r o r  f i e l d  t h e  E C R  s u r f a c e ,  w h i c h  r e p r e s e n t s  t h e
l o c a t io n  o f  the  e le c t r o n  resonance p o in ts  where B -  Bec r '  occurs  * n
the  fo rm  o f  two pa rabo las  ce n tre d  about the z - a x is  between the  f i e l d
m i n i m u m  a n d  t h e  m i n i m a .  T h e  c o n f i n i n g  m i r r o r  s u r f a c e  a l s o  h a s  a
s im i l a r  fo rm , which means t h a t  the  e le c t ro n s  can o s c i l l a t e  o n ly
a x i a l l y  between the  two m i r r o r s ,  i n  a minimum-B f i e l d  bo th  the  ECR and
m i r r o r  s u r fa ce s  are c lo s e d , as long  as B < B and the  su r fa c es e c r  mc o r r e s p o n d i n g  t o  B m  d o e s  n o t  i n t e r c e p t  t h e  w a l l s .  T h i s  r e s u l t s  i n  a  b e t t e r  c o n f i n e m e n t  o f  t h e  e l e c t r o n s  a s  t h e y  a r e  m a d e  t o  r e f l e c t  i n  
b o t h  a x i a l  a n d  r a d i a l  d i r e c t i o n s .  T h e  c l o s e d  a n d  t h e r e f o r e  l a r g e r  E C R  s u r f a c e  l e a d s  t o  a  m o r e  e f f i c i e n t  h e a t i n g  o f  t h e  e l e c t r o n s  a n d  h e n c e  
a n  i m p r o v e m e n t  i n  t h e  i o n i z a t i o n  e f f i c i e n c y .
3 .2 .1  Hexapo lar f i e l d s
T h e  m a g n e t i c  f i e l d  s t r e n g t h  a t  a  p o i n t  ( r , $ , z )  i n s i d e  a  h e x a p o l e ,
composed o f  p a r a l le lo p ip e d  permanent magnet bars w i t h  r i g i d
m a g n e t iz a t io n ,  can be c a lc u la te d  by in t e g r a t in g  a l l  the  m agnetic
c h a r g e s  r e s i d i n g  o n  t h e  p o l e  f a c e s .  C o n s i d e r  a s i n g l e  p e r m a n e n t  m a g n e t
p a r a l le lo p ip e d  bar magnetized in  a d i r e c t io n  p a r a l l e l  to  the  y - a x is ,
w i t h  d im ensions o f  2a x 2h x 2b (F ig u re  3 .5 ) .  By p la c in g  the  o r i g i n  o f
c o o r d i n a t e s  ( x ' , y ' , z ' )  =  ( 0 , 0 , 0 )  i n  t h e  c e n t r e  o f  t h e  b a r ,  t h e
components o f  the  m agnetic  f i e l d  p a r a l l e l  (B  ) and p e rp e n d ic u la r  ( B  )y x
to  the  d i r e c t i o n  o f  m a g n e t iz a t io n ,  a t  a p o in t  ( x , y , z ) ,  a re  g ive n  by 
{ B e c8 1b ]:
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F ig u re  3.5a : Cross s e c t io n  o f  a permanent hexapole system.
F ig u re  3.5b : A s in g le  p a r a l le le p ip e d  permanent bar d is p la y in g  the 
c o o rd in a te  system used f o r  the  c a lc u la t i o n  o f  the  
m agnetic  f i e l d s  in  a hexapo le .
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( z - z ' )  +  [ ( x - x ' ) 2 + ( y - y ' ) 2 + ( z - z ' ) 2 j o(x ol^Ca.io)
where J r  « the  remanence m a g n e t iz a t io n  o f  the magnet. The a x ia l  
component o f  the  m agnetic  f i e l d  B_ can be n e g le c te d  as i t  has a f i n i t e  
v a lu e  o n ly  a t  the  v e ry  ends o f  the  hexapo le . As e q u a t io n s  3 .9  and 3.10 
are  the  r e s u l t s  o f  the  in t e g r a t io n s  over a l l  the  faces  o f  the  magnet 
ba r th e y  are  s u b je c t  to  the  f o l lo w in g  l i m i t s :
-a  < x '  < +a 
-h  < y '  < +h 
-b  < z '  < +b
As the  m agnetic  f i e l d s  are  co n ve n ie n t to  c a lc u la te  i n  (r,<f>) c o o rd in a te s
x and y  are  g ive n  by x -  r s in $  and y -  rcos«f>. By add ing  the
c o n t r ib u t io n s  to  the  f i e l d  o f  a l l  the  s ix  bars o f  the  hexapo le , the  
Br and B^ components o f  the  m agnetic  f i e l d  and hence the  a b s o lu te  
f i e l d  s t r e n g th ,  |Bjlex I ' f o r  a l l  va lu e s  o f  r ,  $ and z can be o b ta in e d ,  
where
B -  B cos<t> + B sin<f>t  A V
B. -  B cos9 -  B s in 9  9 y  x
l Bhex l -  K  + B* ] V 2
3 .2 .2  Superimposed f i e l d s
A  c o m p u t e r  c o d e  w a s  u s e d  f o r  t h e  c a l c u l a t i o n  o f  s u p e r i m p o s e d  m a g n e t i c  
f i e l d s  i n  a  m i n i m u m - B  c o n f i g u r a t i o n .  T h e  c o d e  w a s  d i v i d e d  i n t o  f o u r  
p a r t s :
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F ig u re  3 .6a : L ines  o f  co n s ta n t  magnetic  f i e l d  p lo t t e d  l o n g i t u d i n a l l y  
f o r  a s im ple  m i r r o r  f i e l d  geometry.
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A x i a l  d i s t a n c e  [ m m ]
F ig u re  3 .6b  : L ine s  o f  c o n s ta n t  m agnetic  f i e l d  p lo t t e d  l o n g i t u d i n a l l y  
f o r  a minimum-B c o n f ig u r a t io n .
37
(1 ) c a lc u la t i o n  o f  the  he xap o la r  f i e l d s
(2) c a lc u la t i o n  o f  the  s o le n o id a l  f i e l d s
(3) s u p e rp o s i t io n  o f  the  hexap o la r  and s o le n o id a l  f i e l d s
(4) d e te rm in a t io n  o f  the  c o o rd in a te s  o f  co n s ta n t  m agnetic  f i e l d s  
f o r  (a) he xap o la r  f i e l d s ,  (b ) s o le n o id a l  f i e l d s  and
(c ) f o r  superimposed f i e l d s .
T h e  h e x a p o l a r  f i e l d s  w e r e  c a l c u l a t e d  u s i n g  e q u a t i o n s  (3 .1 9 )  a n d  
( 3 .2 0 ) .  T h e  s e c o n d  p a r t  w a s  o b t a i n e d  f r o m  a  c o d e  w r i t t e n  f o r  t h e
c a l c u l a t i o n  o f  t h e  s o l e n o i d a l  f i e l d s  u s i n g  a n  a n a l y t i c a l  m e t h o d .
F ig u re s  3 .6a  and 3 .6b  show the  c o n s ta n t  magnetic  f i e l d  l i n e s  
c a lc u la te d  f o r  a s im p le  m i r r o r  f i e l d  geometry and f o r  a minimum-B 
f i e l d  geometry p lo t t e d  l o n g i t u d i n a l l y  f o r  ( r , $ , z )  c o o rd in a te s ,  w i t h  
$ = 0 ° .  I t  can be seen t h a t  the  a d d i t io n  o f  the  h e xap o la r  f i e l d  
to  the  s im p le  m i r r o r  geometry h e lps  c lo se  the  resonance s u r fa ce  
g ive n  by Be c r  -  230 mT f o r  a microawve frequency  o f  6 .4  GHz.
3 .3  E le c t r o n  C y c lo t ro n  Resonance H ea t in g
In  a s im p le  m agnetic  m i r r o r ,  two ECR su rface s  in  the  form  o f  p a rab o las  
occur i n  sm a ll  re g io n s  between the  minimum and maxima, where B =
B  . T h e  e l e c t r o n  c y c l o t r o n  f r e q u e n c y  i s  a p p r o x i m a t e l y  e q u a l  t o  t h eC C t
a p p l ie d  microwave fre qu ency  o n ly  when the  e le c t ro n s  t r a v e rs e  these
s u r f a c e s .  A n  e l e c t r o n  t r a p p e d  i n  a  m a g n e t i c  m i r r o r  f i e l d  w i l l
o s c i l l a t e  back and f o r t h  between the  con juga te  m i r r o r  p o in ts  and pass
th ro u g h  the  resonance zones fo u r  t im es in  one round t r i p .  Only
e le c t r o n s  which happen to  c ross  the  ECR su rfa ce s  w h i le  moving a long
the  f l u x  l i n e s  o f  the  m i r r o r  f i e l d  undergo c o l l i s i o n l e s s  ECR h e a t in gb y  t h e  i n c o m i n g  m i c r o w a v e s .  T h e  e l e c t r i c  f i e l d  c o m p o n e n t  o f  t h e
microwaves im p a r ts  to  each e le c t r o n  a random inc rem en t in  i t s  v e l o c i t y
t r a n s v e r s e  t o  t h e  m a g n e t i c  f i e l d ,  A v fc, a n d  h e n c e  i t s  L a r m o r  r a d i u s
c h a n g e s .  T h e  e l e c t r o n  t e m p e r a t u r e  o r  e n e r g y  i s  t h e r e f o r e  g i v e n  b y  
1 2kTg « 2mvt *  An in c re a se  i n  the  p a r a l l e l  v e lo c i t y  component o f  the  
e le c t r o n  r e s u l t s  from  the  i n t e r a c t i o n  o f  the e le c t ro n s  w i t h  the 
m agnetic  f i e l d  component o f  the  m icrowaves. The t ra n s v e rs e  v e l o c i t y  o f  
the  e le c t r o n s  a f t e r  resonance i s  much h ig h e r  than  t h e i r  p a r a l l e l  
v e l o c i t y  ( v ^ / v  >> 1) so t h a t  the  e le c t ro n s  g y ra te  a long  the  f i e l d
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l i n e s  w i t h  g r e a t ly  inc re a sed  Larmor r a d i i .  The la rg e  inc re a se  o f  
o f  the  e le c t ro n s  in  a m i r r o r  t r a p  a ls o  r e s u l t s  in  t h e i r  p i t c h  ang le  
g r e a t l y  exceeding th a t  o f  the  lo s s  cone, which p u l l s  them away from  
the  lo s s  cone and hence r e s u l t s  in  an improved con finem en t o f  the  
e le c t r o n s .
T h e  i n t e r a c t i o n  o f  t h e  e l e c t r o n s  w i t h  t h e  e l e c t r o m a g n e t i c  w a v e s  i n  a
m ir r o r  t r a p  i s  q u i t e  co m p lica te d  and depends s t r o n g ly  on the  va lu e  o f
2 1 / 2a = w /w  .  [J a c 8 5 ] ,  where w « (4nn e /m) '  i s  the  plasma fre q u e n cy , 
w h ich  i s  the  frequency  w i th  which the  plasma o s c i l l a t e s  about i t s  
e q u i l ib r iu m  p o s i t io n  and n i s  the  plasma d e n s i ty .  There are two
I.
p o s s ib le  mechanisms o f  plasma h e a t in g  depending upon the  v a lu e  o f  a.
In  the  low d e n s i ty  regime where a << 1, ECR h e a t in g  i s  the  dominant 
h e a t in g  mechanism f o r  s t ro n g  a b s o rp t io n  o f  energy by the  e le c t r o n s .  In  
plasmas w i th  h ig h  gas p ressu re  the  plasma fre qu en cy  g e n e ra l ly  b u i ld s  
up to  the  le v e l  o f  the  microwave fre qu en cy , beyond which  the  plasma 
s h ie ld s  o u t the  a p p l ie d  microwave power, th e re by  changing the 
c h a ra c te r  o f  the  h e a t in g .  In  t h i s  h ig h  d e n s i ty  regime where a « 1, 
o n ly  a weak i n t e r a c t io n  o f  th e  e le c t ro n s  w i th  the  microwaves
take s  p la c e ,  as the  ECR s u r fa ce  s h i f t s  towards the  upper h y b r id
2 2 2r e s o n a n c e  ( U H R )  s u r f a c e  d e f i n e d  b y  co . =  oo +  w *  w h e r e  w  . i s  t h euh p ecr uh
upper h y b r id  resonance frequency  and wecr i s  the  normal ECR fre q u e n cy . 
The UHR su r fa ce  occurs  a t  a m agnetic  f i e l d  low er than  Be c r > which  
means t h a t  the  microwave power can be absorbed a t  low er m agnetic  f i e l d  
s u r fa c e s  than  f o r  o rd in a r y  ECR.
O nly the  low  d e n s i ty  regime (a  << 1) which i s  n o rm a l ly  encountered  in  
ECR io n  sources w i l l  be co ns ide red  he re . The ECR h e a t in g  p rocess can 
be d iv id e d  i n t o  two sub -p rocesses : (1 ) resonant h e a t in g  and (2) 
s to c h a s t ic  h e a t in g .  The resonan t h e a t in g  process i s  o n ly  e f f e c t i v e  i f  
the  phase o f  the  e le c t r o n  in  i t s  o r b i t s  a t  resonance i s  the  same as 
t h a t  o f  the  e le c t ro m a g n e t ic  waves. I f  t h i s  c o n d i t io n  i s  f u l f i l l e d  an 
e le c t r o n  ga ins  energy from the  microwave e l e c t r i c  f i e l d  d u r in g  each 
g y r a t io n  a t  resonance. As the e le c t ro n s  have random v e lo c i t i e s  and 
phases in  t h e i r  Larmor o r b i t s ,  th ey  f i r s t  have to  be b ro ug h t i n t o  
phase w i t h  the  microwave e l e c t r i c  f i e l d  in  o rd e r  to  be a c c e le ra te d  by 
the  resonance p rocess . The q u a l i t a t i v e  c o n d i t io n  necessary  f o r  t h i s  i s  
t h a t  th e y  g a in  an amount o f  energy between s c a t te r in g  events  g re a te r  
than t h a t  th e y  had i n i t i a l l y .  T h is  i s  g iven  by a phas ing  c o n d i t io n
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w hich  re q u i re s  a minimum microwave e l e c t r i c  f i e l d  i n t e n s i t y  [B e c6 2 ]:
2kT 2kT n a
E >  S. = ----- 2_£_ (3.111
eX e
where E = e l e c t r i c  f i e l d  i n t e n s i t y ,
X «= 1/ncr e le c t r o n  mean f re e  pa th ,  
kTe *  i n i t i a l  e le c t r o n  k i n e t i c  energy, 
ng « e le c t r o n  d e n s i ty
a m e f f e c t i v e  c ross  s e c t io n  f o r  a 90° s c a t t e r in g .
T h e  e n e r g y  a n  e l e c t r o n  c a n  g a i n  f r o m  E C R  h e a t i n g  i s  e v e n t u a l l y  l i m i t e d  
b y  t h e  r e l a t i v i s t i c  i n c r e a s e  i n  i t s  m a s s ,  w h i c h  d e t u n e s  t h e  c y c l o t r o n  f r e q u e n c y  a n d  t h e r e f o r e  r e m o v e s  t h e  e l e c t r o n  f r o m  r e s o n a n c e  w i t h  t h e  m i c r o w a v e s .
I f  t h e  p h a s e  b e t w e e n  t h e  e l e c t r o n s  a n d  t h e  e l e c t r i c  f i e l d  o f  t h e  
m i c r o w a v e s  i s  r a n d o m  a t  e a c h  c r o s s i n g  o f  t h e  r e s o n a n c e  s u r f a c e  t h e n  
t h e  e l e c t r o n s  a r e  s t o c h a s t i c a l l y  h e a t e d ,  i . e .  t h e  h e a t i n g  p r o c e s s  i s  
r a n d o m .  T h e  e l e c t r o n s  c a n  e i t h e r  b e  a c c e l e r a t e d  o r  d e c e l e r a t e d  
d e p e n d i n g  s e n s i t i v e l y  o n  t h e i r  p h a s e  a t  t h e  r e s o n a n c e  s u r f a c e  w i t h  
r e s p e c t  t o  t h e  m i c r o w a v e  e l e c t r i c  f i e l d .  T h e  e l e c t r o n s  a r e  t h e r e f o r e  
n o t  a l w a y s  a c c e l e r a t e d  d u r i n g  t h e  n u m e r o u s  p a s s a g e s  t h r o u g h  t h e  E C R  
z o n e .  T h e  n e t  r e s u l t  o f  t h e  n u m e r o u s  e n c o u n t e r s  b e t w e e n  t h e  e l e c t r o n s  
a n d  t h e  m i c r o w a v e s ,  h o w e v e r ,  i s  a  g a i n  i n  e n e r g y  e v e n  i f  t r u e  
r e s o n a n c e  i s  n o n - e x i s t e n t .
The s to c h a s t ic  h e a t in g  process has been t r e a te d  e x te n s iv e ly  by S e id l  
[S e i6 4 ] ,  L ic h te n b e rg  e t  a l .  [ L i c 6 9 ] ,  Jaeger e t  a l .  [Jae72] and 
L ieberman e t  a l .  [ L ie 7 3 ] .  The h e a t in g  o f  the e le c t ro n s  occurs  i n  a 
resonance zone o f  w id th  w, wh ich  i s  much sm a lle r  than  the  sca le  le n g th  
o f  the  c o n f in in g  m agnetic  f i e l d  v a r ia t i o n .  The e le c t ro n s  i n t e r a c t  w i t h  
the  microwave f i e l d  f o r  the  le n g th  o f  t im e t  t h a t  th e y  e f f e c t i v e l y  
spend in  the  resonance su r fa ce  d u r in g  the n th  resonance c ro s s in g ,  
w h ich  i s  much s h o r te r  than  the  bounce p e r io d  t^ ,  the  t im e between 
succe ss ive  resonance c ro s s in g s .  D ur ing  t h e i r  passage th rou gh  the  ECR 
s u r fa c e  the  e le c t ro n s  make many g y ra t io n s  as g ive n  by we c r t n >> 1. I f
40
v zR i s  the  a x ia l  e le c t r o n  v e lo c i t y  d u r in g  c ro s s in g  o f  the  resonance 
re g io n ,  then  w = v ZRbn * T^ e ax i a l  e le c t r o n  v e lo c i t y  does n o t remain 
c o n s ta n t  as the  amount o f  t ra n s v e rs e  energy ga ined o r l o s t  a t  
resonance i s  tra n s fo rm e d  i n t o  a co rrespo n d in g  a x ia l  energy lo s s  o r 
g a in  by the  m i r r o r  f i e l d .  The ge ne ra l terms f o r  t ra n s v e rs e  and a x ia l  
v e l o c i t y  components, v fcR and v zR, are  rep laced  by v fcn and v zn f o r  the  
n th  c ro s s in g  o f  the  resonance s u r fa c e .
The t ra n s v e rs e  energy component o f  an e le c t r o n  a f t e r  ( n + l )  resonance 
c ro s s in g s  i n  a m i r r o r  t r a p  (wt j n+1) -  2mvt ( n + l ) )  i s  9 *ven [L ic 6 9 ]
1 2  1 W, . .-x = smv, + ^mt ( n + l )  2 t n  2 kBe c r ; w t  ) + mv,ecr n tn f E ° 'ecr, ' “ e c r V 8 0 8 ^  ( 3 - 1 2 >
or
Wt ( n + 1 ) ‘  2mvtn  + 3mv2 + mvtn Vc08*n
where m 
v tn
E0
B
co
ecr
ecr
n
V
e le c t r o n  mass,
t ra n s v e rs e  v e lo c i t y  o f  the  e le c t r o n  a f t e r  the 
n th  resonance c ro s s in g ,
a m p li tu d e  o f  the  microwave e l e c t r i c  f i e l d  a t  the  
resonance zone, 
resonance m agnetic  f i e l d  
microwave d r i v i n g  fre q u en cy ,
phase d i f f e r e n c e  between the  e le c t r o n  o r b i t  and the  
e l e c t r i c  f i e l d  a t  resonance a f t e r  the  n th  resonance 
c ro s s in g ,  and 
E0
kBe c r ;
( co t  ) .  ec r n '
The f i r s t  te rm  in  e q u a t io n  (3 .1 2 )  i s  the tra n s v e rs e  e le c t r o n  energy 
a f t e r  n resonance zone c ro s s in g s  o r the  i n j e c t i o n  energy f o r  the
( n + l ) t h  c ro s s in g .  The energy g a in  d e sc r ib e d  by e q u a t io n  (3 .1 2 )
2
c o n ta in s  a phase-independent second term  p r o p o r t io n a l  to  V , where 
V i s  the  magnitude o f  the  v e lo c i t y  increm en t which the  microwaves 
im p a r t  to  the  t ra n s v e rs e  v e lo c i t y  o f  the  e le c t r o n s ,  and a 
phase-dependent t h i r d  te rm  p r o p o r t io n a l  to  V, which leads  to  the
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stochastic heating of electrons.
When a weak r f  f i e l d  i s  a p p l ie d ,  v ^n >> V i n i t i a l l y .  The phase- 
dependent t h i r d  term  in  e q u a t io n  (3 .1 2 )  i n i t i a l l y  dom inates le a d in g  to  
e i t h e r  an in c re a se  o r  decrease in  the t ra n s v e rs e  e le c t r o n  energy 
depending on the  va lu e  o f  4>n . The e le c t ro n s  are  th e re fo re  heated in  a 
s low  s to c h a s t ic  fa s h io n  and tu r n  f a r  from the resonance zone. The 
u l t im a t e  in c re a se  in  the  energy r e s u l t s  from the  do m in a t io n  o f  the  
phase- independen t second term  a t  l a t e r  s tages (n >> 1 ) .  Assuming t h a t  
the  e le c t r o n s  pass th ro ugh  the  resonance zone w i t h  c o n s ta n t  a x ia l  
v e l o c i t y  [Jae72]
'n a 1.13 av
1 / 2
(3 .1 3 )
tozn 1 e c ry
- 1where a » B (dB /d z )  a t  the  tu r n in g  p o in t .  When the  e le c t r o n s  have
ga ined  s u f f i c i e n t  t ra n s v e rs e  energy they  beg in  to  t u r n  i n  the
resonance zone and e q u a t io n  (3 .1 3 )  becomes i n v a l i d .  The h e a t in g  ra te
- 1 / 2m  t h i s  case i s  p r o p o r t io n a l  to  v znx and independent o f  .
When a s t ro n g  r f  f i e l d  i s  a p p l ie d ,  v fc < V i n i t i a l l y .  In  t h i s  case the  
second te rm  in  e q u a t io n  (3 .1 2 )  i n i t i a l l y  dominates le a d in g  to  
s i g n i f i c a n t  inc re a se s  i n  the  t ra n s v e rs e  e le c t r o n  energy . The p a r t i c l e s  
t u r n  im m e d ia te ly  in  the  resonance zone and e q u a t io n  (3 .1 3 )  i s  
th e r e fo r e  i n v a l i d .  From [Jae72] th e  e f f e c t i v e  t im e  spent by an 
e le c t r o n  i n  the  resonance zone i s  g ive n  by
t  -  0 .7 1 -n coecr
2v 2 /3 (3 .1 4 )
t n '
A s  t h e  r a t e  o f  h e a t i n g  i s  d e p e n d e n t  u p o n  t i t  i s  p r o p o r t i o n a l  
- 2 /3to  v ^ n'  and independent o f  v z n . T h is  means th a t  as the  e le c t ro n s  
t ra n s v e rs e  energy in c re a se s  the  h e a t in g  becomes le s s  e f f i c i e n t .  I t  has 
been shown by b re m ss tra h lun g  X -ra y  measurements t h a t  e le c t ro n s  in  an 
ECR plasma can be heated up to  a few hundred keV [ Ik e 7 3 ,  Ber80] and 
f o l l o w  a M a xw e ll ian  d i s t r i b u t i o n .  ECR h e a t in g  i s  th e re fo re  a v e ry  
e f f i c i e n t  method o f  g e n e ra t in g  v e ry  h o t e le c t r o n s .
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3.4 Production of Highly Charged Ions
For the  p ro d u c t io n  o f  h ig h ly  charged ions  the  p ro d u c t  o f  the  e le c t r o n  
d e n s i t y  (ne ) and the  t im e ( x^) the  io n s  are exposed to  the  e le c t r o n s  
i n  a plasma o r a s t r i p p e r  f o i l ,  neTi *  i s  an im p o r ta n t  pa ram e te r. The 
main mechanism f o r  p ro d u c in g  h ig h ly  charged ion s  i s  by means o f  
succe ss ive  s in g le  s tep  e le c t r o n  im pact i o n iz a t io n s .  The p ro d u c t io n  o f  
m u l t i p l y  charged, l i g h t  to  heavy ion s  by means o f  m u l t ip le  s tep  
i o n i z a t i o n  by a s in g le  e le c t r o n  i s  n e g l i g ib le  as the  i o n i z a t i o n  
p r o b a b i l i t y  i s  in v e r s e ly  p r o p o r t io n a l  to  the p ro to n  number Z.
The p ro d u c t io n  o f  a beam o f  h ig h ly  charged ions  can be ach ieved  by
i n j e c t i n g  v e ry  e n e rg e t ic  (a few M eV /nuc leon), lo w -c h a rg e -s ta te  io n s
th ro u g h  v e ry  t h i n  (a few gm) s t r i p p e r  f o i l s .  T h is  s i t u a t i o n  occu rs  in
the  case o f  an a c c e le ra to r -p ro d u c e d  beam where the  io n s  are s t r ip p p e d
o f  t h e i r  e le c t r o n s  to  produce h ig h ly  charged io n s .  In  a s t r i p p e r  f o i l
the  c r y s t a l l i n e  s t r u c tu r e  c o n ta in s  c o ld  e le c t ro n s  w i t h  a d e n s i t y  
2 4 - 3n - 1 0  cm An a c c e le ra te d  io n  w i t h  an energy o f  1 MeV/nucleon
9 - 1  -13(v  -  10 cm«s ) i s  exposed to  the  c o ld  e le c t ro n s  f o r  about 10 s,
1 1assuming a f o i l  th ic k n e s s  o f  about 1 /um, r e s u l t i n g  i n  n r .  -  10 
— 3 © l
cm s. I f  the  io n  energy i s  h ig h  enough the  s te p -b y -s te p  i o n i z a t i o n
process  p redom inates as opposed to  the  re co m b in a t ion  process  so t h a t
the  io n  beam emerging from  the  f o i l  i s  h ig h ly  charged.
E le c t ro n  s t r i p p in g  i n  an ECR io n  source fo l lo w s  the  in v e rs e  p rocess  to
t h a t  in  a s o l i d  s t r i p p e r  i n  t h a t  c o ld  ions  are bombarded by a h o t
e le c t r o n  plasma. In  a plasma x^ i s  g e n e ra l ly  the  l i f e t i m e  o f  th e  io n s
r e s u l t i n g  from  the  co m b ina t io n  o f  a l l  io n  lo s s  mechanisms. Due to  the
n e u t r a l i t y  o f  the  plasma one can assume th a t  x. i s  i d e n t i c a l  to  x ,
i  e
the  l i f e t i m e  o f  the  e le c t r o n s .  Due to  the  f a c t  t h a t  the  e le c t r o n  i s  
abou t A  x 1836 t im es  l i g h t e r  than  an io n ,  where A  i s  the  a tom ic  mass 
o f  the  io n ,  the  r e l a t i v e  i n t e r a c t i o n  v e lo c i t y  re q u i re d  i s  o f  the  o rd e r
o f  s e v e ra l  keV, which i s  e a s i l y  a ch ie va b le  by ECR h e a t in g .  Using
i O - 3  1 2 - 3  -2n x. -  10 cm s and n -  10 cm an io n ic  l i f e t i m e  o f  x. -  10 s e i  e i
i s  re q u i re d  to  o b ta in  the  same performance as the  s o l i d  s t r i p p e r
— 3above. T y p ic a l  i o n i c  l i f e t im e s  in  ECR ion  sources range from 10 to  
_ 2
10 s . I t  has been shown e x p e r im e n ta l ly  th a t  the  charge s ta te  o f  the  
io n s  produced i s  p r o p o r t io n a l  to  nex^ [G el76 , Gel79, Gel84J. However, 
the  e le c t r o n  d e n s i t y  i s  l im i t e d  by an upper va lu e  g ive n  by the
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so-called cut-off density
m w
n rf n m v rfcut-off
4it e‘
(3.15
When the  plasma d e n s i t y  exceeds the  c u t - o f f  d e n s i ty ,  which i s
dependent upon the  microwave f re q u e n cy , the microwaves are unab le  to
p e n e t ra te  the  plasma. T h e re fo re ,  ( neTi ) max = ( nCu t - o f f Ti ^ * E qua t ion
(3 .1 5 )  can be w r i t t e n  n u m e r ic a l ly  as fo l lo w s :  ncut _ 0f f  [cm""3 ] »
1.242 x 1010 x (v  - [ GHz] ) 2 , so t h a t  f o r  a microwave fre qu ency  o f
1 1 —3
v r f  "  6 ,4  GHz/ nc u t - o f f  “  5 .1  x 10 cm . I n  t h i s  case assuming
t . « 10 2 s, ( n r . ) _ av -  5 .1  x 10^ cm~3s. Using t h i s  va lu e  o f  n t . and
Ji C l  IUaX 0  l
the  mean e le c t r o n  energy E = 10 keV, i t  i s  p o s s ib le  to  produce A r +
Q 4.
and Ne io n s .  On the  o th e r  hand in  o rd e r  to  produce f u l l y  s t r ip p e d
l i g h t  io n s ,  such as Ne18+, w i t h  the  same e le c t r o n  energy , n t . > 1018
-3  e 1cm i s  e s s e n t ia l .  Assuming ng = nc u t - o f f  ^ i s  re q u i re s  an io n
l i f e t i m e  o f  t , > 2 x 10~2 s, which i s  a reasonab ly  p r a c t i c a b le  v a lu e .
T h e re fo re  the  f i n a l  charge s ta te  o f  the  ions  i s  n o t  o n ly  dependent
upon b u t  a ls o  upon Em. For h ig h ly  charged ions  i t  i s  e s s e n t ia l
t h a t  the  r a t i o  o f  n e u t ra ls  to  ion s  be as sm a ll as p o s s ib le  (n Q/n^<<  1)
to  a v o id  the  re d u c t io n  in  the  io n  charge s ta te  by charge exchange.
G e l le r  e t  a l .  [G e l84 ] have summarized t y p i c a l  cases o f  io n  charge
s ta te s  f o r  fo u r  d i f f e r e n t  se ts  o f  va lu e s  n t . and E :e 1 m
n0T^ Em io n  charge s ta te
[cnT3s]
any v a lu e  < 10 eV q < 1
~ 108 < 100 eV q > 1 ( low  Z)
10~ 10 < 5  keV q < Z ( low  Z)
~ 1013 > 30 keV q < Z (h ig h  Z)
The main requ irem en ts  f o r  in c re a s in g  the  average charge s ta te  in  an
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and the  l i f e t i m e  o f  the  io n s .  The e le c t r o n  d e n s i ty  and hence thee x t r a c t a b l e  i o n  c u r r e n t  c a n  b e  i n c r e a s e d  b y  i n c r e a s i n g  t h e
microwave f re q u en cy . T h is  i s  because ncut - 0f f  in c re a se s  by a f a c t o r
( ( «  f  + )/tor f ) 2 , e .g .  in c re a s in g  <or f  from 6 .4  to  10 G H z  r e s u l t s  in
an in c re a se  o f  the  va lu e  o f  ngT^ by a t  l e a s t  a f a c to r  o f  2 .4 4 . A
s i g n i f i c a n t  improvement in  the  performance o f  an ECR io n  source f o r
h ig h  charge s ta te  io n  p ro d u c t io n  has been con firm ed  by Bourg e t  a l .
[B ou86 ]. They have dem onstra ted  t h a t  by in c re a s in g  the  microwave
8+ 9 +f r e q u e n c y  f r o m  10 t o  16.6 G H z  t h e  e x t r a c t e d  c u r r e n t s  o f  N e  , N e  a n d  
1 0 +Ne co u ld  be inc re a se d  by a f a c t o r  >> 3, whereas the  low er charge
s ta te s  co u ld  o n ly  be inc rea se d  by a f a c t o r  -  3, as one would expec t
2
from  the  in c re a se  o f  n by (1 .6 6 )  .
ion source are to increase the electron density, the electron energy
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CHAPTER 4. CALCULATION OF IONIZATION EFFICIENCY IN AN ECR ION SOURCE
The io n i z a t i o n  e f f i c i e n c y  E(X1+) o f  an io n  o f  e lement X w i t h  charge 
s ta te  q *» i+  i s  d e f in e d  as the  r a t i o  o f  the number o f  X1+ charged ion s  
e x t r a c te d  from  the  io n  source per u n i t  t im e (N(X1+))  to  the  number o f  
n e u t r a l  atoms e n te r in g  the  io n  source per u n i t  t im e  (N (X °))  m u l t i p l i e d  
by 100 p e rc e n t :
h  N(Xi + )
E(X ) « -----  —  x 100 %
N (X )
The v a lu e  o f  N(X1+) f o r  the  c a lc u la t i o n  o f  E (x1 + ) i s  unknown and has 
to  be de te rm ined  from  the  v a r io u s  p ro d u c t io n  and lo s s  mechanisms t h a t  
occu r in  an ECR plasma. The va lu e  o f  N(X°) i s  assumed to  be a known 
q u a n t i t y .
The p ro d u c t io n  o r  lo s s  o f  an io n  o f  charge s ta te  q = i+  i n  an ECR 
plasma can be summarized by the  fo l lo w in g  mechanisms:
1. e le c t r o n  im pact i o n i z a t i o n
(a) s in g le - s te p  i o n i z a t i o n ,  ( i - 1 )  —► i
(b ) m u l t ip le - s t e p  i o n i z a t i o n ,  ( i - n )  —► i
2. charge exchange o f  io n s  w i t h  n e u t ra ls  o r ions
(a) s in g le - s te p  charge exchange, i  —> ( i - 1 )
(b ) m u l t ip le - s t e p  charge exchange, i  —► ( i - n )
3. r a d ia t i v e  re co m b in a t io n  th ro ugh  e le c t r o n  c a p tu re ,  i  + e —> ( i - 1 )
The dom inant processes in  an ECR plasma are s te p -b y -s te p  e le c t r o n  
im pact i o n i z a t i o n  (p rocess  la )  and s in g le - s te p  charge exchange (2 a ) .  
M u l t ip le - s t e p  i o n i z a t i o n  ( l b )  and m u l t ip le - s te p  charge exchange (2b) 
o n ly  p la y  a sm a ll r o le  and become im p o r ta n t  o n ly  a t  h ig h  e le c t r o n  
e n e rg ie s  and a t  h ig h  charge s ta te s .  These d i f f e r e n t  mechanisms w i l l  be 
d iscussed  in  g re a te r  d e t a i l  be low . In  the model under c o n s id e ra t io n  
here the  f l u x  o f  the  t e s t  gas n e u t r a ls  in t o  the  io n  source i s  assumed to  
be v e ry  low  compared to  t h a t  o f  the  suppo rt gas n e u t r a ls  S°, i . e .
N (X°) << N (S ° ) .
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A computer code f o r  the  c a lc u la t i o n  o f  the  i o n i z a t i o n  e f f i c i e n c y  i n  an 
ECR io n  source (ECREFF) was w r i t t e n ,  based on the  computer code 
"ECRCSD" f o r  the  c a lc u la t i o n  o f  the  io n  charge s ta te  d i s t r i b u t i o n  in  
an ECR io n  source by West [Wes82], The code by West, which was w r i t t e n  
f o r  a s in g le  ( t e s t )  gas o n ly ,  was m o d if ie d  to  in c lu d e  a su p p o r t  gas. 
The purpose o f  the  m o d if ie d  code was to  o b ta in  e s t im a te s  o f  the  
i o n i z a t i o n  e f f i c i e n c i e s ,  and n o t  a b so lu te  v a lu e s ,  i n  o rd e r  to  
in v e s t ig a te  the  in f lu e n c e  o f  v a r io u s  param eters on the  e f f i c i e n c y .  The 
m ajor weakness o f  such codes i s  the  la c k  o f  e xp e r im e n ta l  da ta  such as 
the  d e n s i t i e s  and e n e rg ie s  o f  bo th  h o t and th e rm a l e le c t r o n s ,  th e  io n  
d e n s i t i e s  and con finem en t t im e s ,  the  n e u t r a l  d e n s i t ie s  and the  io n  
t r a p  p o t e n t i a l .
The io n  charge s ta te  d i s t r i b u t i o n  code by West r e l i e s  on the  s e l f -  
c o n s is te n t  d e te rm in a t io n  o f  the  t r a p  p o t e n t i a l  and the  th e rm a l 
e le c t r o n  d e n s i t y .  In  o rd e r  to  s i m p l i f y  the i o n i z a t i o n  e f f i c i e n c y  
c a lc u la t i o n  these two param eters are s u p p l ie d  as in p u t  pa ram eters  f o r  
the  ECREFF code. T h is  code r e l i e s  o n ly  on the  d e te rm in a t io n  o f  th e  io n  
d e n s i t i e s  as a r e s u l t  o f  the  v a r io u s  p ro d u c t io n  and lo s s  ra te s  due to  
a tom ic  p rocesses which  occur i n  the  plasma.
The s t a r t i n g  p o in t  o f  the  c a lc u la t i o n  in  ECREFF i s  the  d e te rm in a t io n  
o f  the  p a r t i a l  p ressu res  i n  the  plasma, and hence the  n e u t r a l  
d e n s i t i e s  o f  the  gases, from  the  plasma volume d im ens ions and th e  f lo w  
ra te s  o f  the  gases ( s e c t io n  4 . 1 ) .  The main s teps  o f  the  code are  shown 
in  F ig u re  4 .1 .  The p r i n c i p a l  c a lc u la t i o n  in v o lv e s  the  d e te rm in a t io n  o f
the  ra te s  o f  a l l  the  a tom ic  processes th a t  take  p la ce  in  the  plasma :
i o n i z a t i o n  ( s e c t io n  4 . 2 ) ,  charge exchange ( s e c t io n  4. 3)  and r a d ia t i v e  
re co m b in a t io n  ( s e c t io n  4 . 4 ) .  T h is  r e l i e s  on the  n e u t r a l  d e n s i t i e s  and 
the  f o l lo w in g  plasma pa ram ete rs , w h ich  are s u p p l ie d  as v a r ia b le s  :
1) h o t  e le c t r o n  d e n s i ty
2) h o t  e le c t r o n  energy
3) the rm a l e le c t r o n  d e n s i ty
4) the rm a l e le c t r o n  energy
5) io n  energy
6) a tom ic  p h ys ics  da ta  o f  gases (a tom ic  masses, p ro to n  numbers, 
i o n i z a t i o n  p o t e n t i a l s ,  b in d in g  e n e rg ie s ) .
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Figure 4.1 : The main steps of the computer code ECREFF for the 
calculation of the ionization efficiency in an 
ECR ion source.
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The ion densities are calculated from the rates of ionization, charge 
exchange and radiative recombination (section 4.5). This also requires 
the ion confinement times (section 4.6), which in turn are calculated 
from the ion-ion collision frequencies. Once the ion densities have 
been obtained the extracted ion flux can be determined using the 
plasma volume dimensions (section 4.7) and hence the ionization 
efficiency. A  listing of the code ECREFF, which was written in 
FORTRAN 77 for a VAX 11/750 computer, is given in Appendix I. Typical 
run times were of the order of about 1-3 minutes depending on the 
proton numbers of the gases and the flow rate of the support gas.
4.1 Neutral Densities of Gases
In order to calculate the densities of the neutrals in the plasma a 
setup such as that shown in Figure 4.2 is considered, which
Figure 4.2 : Setup of the quartz tube, vacuum chamber and vacuum 
pump used for the calculation of the neutral density 
in the plasma.
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represents the ECR ion source. This consists of a plasma volume made 
up of a quartz tube of diameter and length L fc, which is only pumped 
through the extraction hole by means of a vacuum pump with pumping 
speed S [litres/s]. The gases are introduced into the quartz tube
hrthrough the opposite end. The quartz tube and the vacuum pump are 
separated by an extraction region and a vacuum chamber. The vacuum 
system is assumed to be leak-tight, to have no outgassing from the 
walls and no gases entering or leaving the system by permeation 
through the walls or adsorption on the walls. The gas input to the 
system is therefore given by the flow rates of all the gases entering 
the quartz tube.
4.1.1 Neutral densities outside the plasma
The ultimate pressure P(x) in the quartz tube as a function of the 
distance x from the extraction hole has been derived for a single gas 
from a relation given by Roth [Rot82], assuming that the tube is 
closed at one end, i.e. the gas flows only in one direction :
P(x)
F
B -  A
' L x X 2 N
, C 2CL )6
[ mbar] (4.1)
where F = flow rate of gas entering the quartz tube 
[mbar-l/s * std. cc/s]
2A  « surface area of tube (cm ]
B - perimeter of tube cross section [cm]
L - length of tube [cm]
Sg = pumping speed through the extraction hole [1/ s ]
C = conductance of tube [1/s]
The conductance of the tube is defined as C * C W, where C [1/s] iso o
the entrance conductance of the tube and W  is the transmission 
probability of the tube (Clausing's factor), which is a function of 
the radius and length of the tube.
As the diameter of the extraction hole is much smaller than the 
opening of the vacuum pump the pumping speed through the extraction
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hole limits the conductance, so that S„ ■ C « C w  , where c„ is thee e eo e e
conductance of the extraction hole, c: is the entrance conductance ofeo
the extraction hole and W g is the transmission probability of the 
extraction hole. The entrance conductance of tubes and apertures with 
uniform cross sections for molecular flow is given as [Hol74] :
/ms 1/2
Co = 3.6375 A  [1/s] (4.2)
where T - temperature [°Kj
M * atomic mass of gas [amu]
2A  = area of cross section of tube or aperture [cm ]
The transmission probability of circular tubes of any length (which
can also be used to describe apertures) is given as [Hol74] :
where w- ■ 1 + —  +
1 4 4:(“2 + 4)
8 -  a 2 ] [a 2 + 4 } 2 + a 3 - 16
w.
72a [a2 + 4^ 2 - 288 ln [a + [a2 + 4^2 ] + 288 ln2 
L
a = —  ? L =» length and R = radius of tube.R
If more than one gas flows into the quartz tube, equation 4.1 gives the 
partial pressure of the gases. The average partial pressure for gas S 
can be obtained by averaging over a large number of steps N (>>1) 
along the length of the tube:
N
Z P(nl) n=l
Pa v (S) - --------  (4.3)
N
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where 1 ■ length of 1 step = L/N. The total pressure is therefore 
given by the sum of the partial pressures of the test and support 
gases
pt - pav<x > + pa v (S)
The total density of gas S is obtained from
Pa v (S)n (S ) “ kT
where k « Boltzmann's constant. The total densities of all the gases 
in the extraction region and in the vacuum chamber above the vacuum 
pump can be determined similarly using equations 4.1, 4.2 and 4.3.
4.1.2 Neutral densities inside the plasma
The neutral density of gas S inside the plasma (n(Sp)) is in general 
less than that outsi.de (n(S )) because of the continuous burn up of 
the neutrals due to hot and thermal electron impact ionization and 
charge exchange with ions of the same element of charge state greater 
than q = 2 + and with ions of all charge states of all the other 
elements. The total number of neutrals of gas S in the plasma is given 
by
N (sp : n(S ) dV = n(S ) V 
V P
Jongen [Jon80] has derived a steady-state relationship for the neutral 
densities inside and outside the plasma:
n(Sp ) ______________ ZZla______________
1/T + 1/t1? + l / t +  + 1/T=Vg ion ion ex
n(SQ )
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where = 3V/ Svth
* time required for a neutral to cross a characteristic
dimension of the plasma, 1 * V/S [cm],
3V *= volume of plasma [cm ]
2S * surface area of plasma [cm ] 
v th “ t i^erma^ velocity of neutrals 
= 1.455 x 10 4 (T/M ) 1 / 2  [cm/s]
hl/Tion * loss rate of neutrals due to hot-electron impact 
ionization
thl/T ion ~ *oss rate of neutrals due to thermal-electron impact 
ionization
l/xex = loss rate of neutrals due to charge exchange with all 
the ions.
The volume and surface area of the plasma depend on the magnetic field 
geometry and are therefore different from case to case. The rates of 
losses of neutrals due to electron-impact ionization and charge 
exchange will be discussed in the following sections.
4.2 Single-step Electron Impact Ionization ((i-l)+ —> i+)
_ iThe rate of a nuclear reaction R [s ] is the product of the total
2number of target species N, the reaction cross-section c [cm ] and the
—2 —1flux of bombarding particles [cm s ]
R «= N a 4>
The rate of ionization of an ion from charge state i-l to i by 
single-step electron impact ionization can be expressed in a similar 
way and is given by
W V i - l - *  - ' i o n ' V i - l - H  v(E e> W  's- 1 ' ! 4 -4)
where Vio n ( E0 ) ^ _^->i *" cross section for the ionization of an ion of
charge state i-l to i [cm2 ] by an electron of 
energy E [e V ] ,
-1v(E ) = electron velocity [cm s ], and
e _3n (E ) = electron density [cm ].
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Assuming thermal equilibrium and averaging over a Maxwell-Boltzmann 
electron distribution f(E ) of temperature kT , equation (4.4) can bet? 6
written as
v i o ?  Ee ^ i-l-»i
pi-i
'ion(Ee>i-:Ui v(E e> n e f(Ee> dEe [s" 1] ( 4 '5 >
where = ionization potential for charge state i- 1 , and
2
f(Ee> - " I/ !
,*1/2 > e
u t 3/2; exp
-E.
U T eJ
The best and most accurate formula for obtaining ionization cross 
sections is that of Lotz [Lot6 8 ] (according to Crandall [Cra81] 
who has reviewed the cross section formulae available) :
N
ln(E /P .) (a . a . --- — —mj 4m] p, /p
j=l
E /P . e/ m 3
1-b . exp[-c . ( E / ( P .-1))] mj r m 3 e mj '
(4.6)
where i ■= charge state of ion produced,
m « i- 1  - initial charge state of ion
before it is further ionized, 
j - shell number,
N = number of shells required for cross section calculation,
Pm j * binding energy of electrons in the j-th subshell [eV],
q . = number of electrons in the j-th subshell [eV],
3 2 2a™-; [cm eV ], b ., c . = Lotz coefficients, and E^ > PM .. mj mj m 3 e - m 3
Substituting <r^ o n ( from equation (4.6) into equation (4.5)
the rate of ionization integrated over a Maxwell-Boltzmann electron
distribution of temperature kT , according to Lotz, becomess
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where the integrals are "first exponential integrals" of the form
E x (P/kTe )
-z
dz
P/kT
for which polynomials can be obtained from Abramowitz and Stegun
[Abr70], which facilitate the evaluation of V|on by means of computer.
In equation (4.7) * 2.2-4.4 in units of 10“ 1 4 cm 2 e V 2 and bm ^ ,
cmj s Yor m (i = 1-4) and j ■ 1-3. The constants am j ,
bm j and cm j have been determined experimentally by Lotz for elements 
upto zinc (Z - 30) and up to charge state 4 [Lot6 8 , Lot69]. For 
elements with Z > 30 and for m > 3 ( i > 4 ) , j > 3  Lotz recommends the 
use of am j - 4.5 and bm j « c ^  * 0. The number of shells N required 
for the calculation of v^on depends on the rate of increase of the 
binding energy with shell number. Lotz recommends N = 1 for H-like and 
He-like ions, N = 2 for B-like to Ne-like ions and N = 3 for Na-like 
to Zn-like ions. For high Z ions such as uranium N = 10 is necessary. 
The subshell binding energies Pm j for an ion of charge state m are 
obtained from a formulation by Carlson et. al. [Car70] using 
ionization potentials also presented by Carlson et. al.:
Pml “ Pm = i°n i2 a t i°n potential of an ion of charge state m
P . = P - (BE) - (BE) . -mj m n n + 3 -l
where (BE)n - binding energy of electrons in the outermost
shell in the neutral form,
(BE)n + j_b = binding energy in the jth shell 
of the neutral atom
The binding energies of the neutral atoms are obtained from Huang 
et. al. [Hua76].
4.2.1 Production rate of X 1+ ions by electron impact ionization
From the rate of ionization in equation (4.7) the number of (i+) 
charged ions of element X produced per second by hot or thermal 
electron impact ionization is given by
N . o n (X1 + ,eh 't h ) - ',i o n (x(i~ :L) + ) n <x(i“ 1) + ) V p [s- 1 ] (4.8)
3where V  = plasma volume [cm ], assuming a uniform ion
Cr density distribution, 
n (x(i- l) + ) « density of x ^ ~ ^  + ions [cm” 3 ]
+ * rate ionization of X ^ - ^ + ions Is"^]
4.3 Single-step Charge Exchange (i+ — ► (i-l) + )
4.3.1 Charge exchange between species of the same element
The rate of reduction in the charge state of an ion of element X from 
charge state i to i-l by single-step charge exchange with neutrals of 
the same element is given by
v < V e x  ifi-l “ °ex i+i - 1  v(E i> n(x°> 's - 1 > <4 -9)
where <xex = single-step charge exchange cross section between
X 1+ ions and X° atoms [cm2 ],
= ion energy [ev], 
v ( E . ) « average, ion velocity on collision with neutral
1 _iatom [cm s ], 
n(X°) ■ density of neutral atoms in the plasma [cm- 3 ].
Each such collision gives rise to a newly created singly-charged ion
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Assuming thermal equilibrium and averaging over a Maxwell-Boltzmann 
ion distribution f(E^) of temperature k T ^ , the rate of charge exchange 
can be written as
of the same species.
v < E i>ex i-H - 1 °ex i-i - 1  v ( E i> n(x°> f(Ei> d E i ( 4 -10)
where v(E^)
A
1.95 x 10 -6 E. 1/2
f(E.)
atomic number of element X, and 
exp2 fE1//2 1
ii1/2 lkT?/ 2 J
f-E. 1 1
IkT.J
The cross section for single-step charge exchange between ions and 
neutrals can be computed by means of an empirical formula proposed by 
Muller and Salzborn [Mul77]. For charge exchange between an i+ charged 
ion and a neutral atom of the same element described by
x° + x1+
the cross section is
1 ^  w m - 1 2  <1.17 „ - 2 .75 , 2 , ex i-»i-l 1 , 4 3  x 1 0 i [cm ] (4.11
where = the first ionization potential of the target atom. Hence, 
the rate of charge exchange in equation (4.10) can, according to West 
[Wes82], be rewritten as
v ( E i }ex i->i-l 53 n(x0) 3 *1 5  x 1 0 ~ 6 i 1 , 1 7  p i2 *7 5
x e x dx [s 1 ]
'kT rf
I A
1/2
(4.12)
where x =
kTi
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For charge exchange collisions between species of the same element the 
integral in equation (4.12) « 1.0 as there is no threshold value, so 
that
v e x (X°,Xi + ) - n(X°) 3.15 x 10” 6 i1 * 1 7  p ” 2 , 7 5 ‘kTi
sl/2
I A [ s X1
(4.13)
4.3.2 Charge exchange between species of different elements
For charge exchange collisions between ions and neutrals of different 
elements (X and S) the integral in equation (4.12) * 1.0 as the 
threshold value > 0 so that, for a reaction of the type
S° + X 1+ S+ +
where S stands for a support gas neutral atom, the rate of 
ionization is
ve x (S°,X1 + ) = n(S°) 3.15 x 10 6 i1 * 1 7  p”2 -7 5 (s) rkTi
lA(X)J
1/2
e z (z+l)
[s_1]
where z - P^(S)/kT\ - the threshold value for charge exchange, i.e. 
the lower value of the integral in equation 4.12.
Similarly for the reaction
X° + S j+ X
the rate of charge exchange is given by
N>ex<X°,s3 + ) = n(X°) 3.15 x 10 6 j1 *1 7  p 1 2 ’7 5 (x) rkTL
IA(S)J
1/2
e z (z+l)
( s ' 1 )
where z * P^Xj/kTV
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X*f*4.3.3 Production rate of X ions by charge exchange
The number of X i+ ions produced by charge exchange of x ^ 1+^  + ions
with X° neutral atoms:
X° + x ^1+1)+ -- > X 1+ + X+
is given by
N e x (X 1 + ,X°) = v e x (X°,X(i+1) + ) n ( x (i+1) + ) vp t s- 1 ]
where v (X°,X ) = rate of charge exchange of X ^ 4_4’*+ ions
n —1with X neutrals [s ], and 
n(X°) « density of X° neutrals [cm- 3 ].
The number of X 1+ ions produced by charge exchange of x^* + ^  + ions 
with the support gas neutrals, S°:
s ° + X (i+1)+ — ► xi+ + s+
is given by
N e x (X 1 + 's°> ” '>e x (S°,X(l+1) + ) n ( X <1+1) + ) V p is"1 ]
where ve x ( S°,X^'ll* + ) « total rate of charge exchange of x^* +:'’* +
ions with the support gas neutrals.
4.3.4 lon-ion charge exchange
The charge exchange reactions due to ion-ion collisions have been 
neglected due to the very small cross sections because of the Coulomb 
repulsive potential between ions, which is assumed to be greater than 
the effective ion energy. If the ion energy were higher than the 
Coulomb force, it would be possible to use equation (4.12) for the 
calculation of the rate of ion-ion charge exchange by using the 
Coulomb potential as the threshold value for the integral. In 
addition, no mention of ion-ion charge exchange cross sections could 
be found in literature. However, despite the low cross sections this 
process cannot be completely ignored due to the high ion densities 
that are encountered in ECR ion sources.
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4.4 Radiative Recombination with Thermal Electrons ((i+l)+ — > i+)
The rate of radiative recombination of ions with thermal
electrons is obtained from West [Wes82] after a formula derived 
by Grasberger
v r c (X(i+1)+,e t h ) n 5h 5.2 x lO - 1 4  i e ,pi 'I rpth .e ;
3/2 exp
-x
UT^hJ
-1dx [ s } (4.14)
V Teth
where a Maxwell-Boltzmann thermal electron distribution of temperature 
thkTe is assumed. As \>rr is proportional to i, radiative recombination 
is only important for ions of high charge states.
The number of X 1+ ions produced by radiative recombination of X ^ 1 + 1 ^+ 
ions with thermal electrons:
x (i+l)+ + Q th — + x i+
is given by
N r r <x l + ,et h ) - v r r (X<i+1 )+,et h ) n ( X (i+1>+) V (s_ 1 )
4.5 Density of X 1+ Ions
In order to determine the ionization efficiency of i+ ions of the test 
gas X, it is necessary to calculate the ion density n ( X 1 + ), which is 
the result of the net rate of production of X 1+ ions due to all the 
atomic processes and the loss due to the finite confinement time 
t (X1 + ). The reactions which result in the production and loss of X 1+ 
ions due to the three atomic processes discussed in sections 4.2 - 4.4 
are given below for all the individual interactions. These are 
necessary for the determination of n ( X 1 + ) by means of a balance
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equation, which is normally used for the calculation of the charge 
state distribution in ECR ion sources [0da81, Wes82J. Once n ( X 1 + ) has 
been determined it is easy to obtain the extracted flux of X 1+ ions, 
as shown in section 4.7, in order to calculate the ionization 
e f f i c i e n c y .
4.5.1 Production and loss rates of X** ions
The reactions which result in the production of X 1+ ions are 
summarized below :
. la) Hot electron impact ionization (single-step) 
x (1 - 1 )+ + eh -- > x 1+ + eh + eth
2a) Thermal electron impact ionization (single-step) 
x (i-l)+ + eth x i+ + 0 th' + eth
3a) Charge exchange of X ? + ^  + ions with X° neutrals 
X° + x (l+1^+ -- > X+ + X 1 +
4a) Charge exchange of x ^ i+^ + ions with S° neutrals 
S° + x * i + 1 *+ -- > S+ + X i+
5a) Radiative recombination of x ^ x+^ + ions with thermal electrons 
x (i+l)+ + 0th  > x i+
Due to the very nature of the ECR ion source the most important 
reactions for the production of X 1+ ions are the electron impact 
ionization reactions (la) and (2a). Reaction (3a) is relatively 
unimportant for the conditions under consideration here, i.e. a lower 
input flux of the test gas X into the ion source compared to the 
support gas S. The lower density of X leads to a low production rate 
of X 1+ by means of charge exchange with X° neutrals. On the other 
hand the domination of the support gas results in an increase in the
61
production rate of X 1+ ions by reaction (4a). A  variation of reaction 
(3a) is that where charge exchange between X° neutrals and support gas 
ions S^+ occurs, which leads to an enhanced production rate of singly 
charged ions X + . As the density of S 3+ ions is much higher than that 
of X 1+ ions, it is probable that this reaction, in addition to
reactions (la) and (2 a), plays a very important role in the production 
of singly charged ions :
reaction because of the ion-ion Coulomb repulsive potential which 
prevents charge exchange between ions or because the production rate 
is negligible. Radiative recombination only plays an important role 
for highly charged ions so that it can be ignored for lower charge 
states, which are of interest here.
Similarly, the reactions which lead to a loss of X 1+ ions are listed
6 a) Charge exchange of X° neutrals with S-l+ ions
X 1+ ions of charge state higher than q-l+ do not benefit from this
below :
lb) Hot electron impact ionization (single-step) to +
+ e th
/ i + 1 \ j.2b) Thermal electron impact ionization (single-step) to X
— > x u + 1 ) +  + e th + eth
3b) Charge exchange with X° neutrals to produce X (i-l)+ ions
xo + Xi+ X + + x (i-l)+
4b) Charge exchange with S° neutrals to produce x ^ 1 - 1 ^+ ions
5b) Radiative recombination with thermal electrons to produce 
X (i-D+ ions
X 1+ + eth  * x (i-l)+
6 b) Loss of X 1+ ions due to finite confinement time x(X1 + ), for 
which the loss rate is given by
i+ n(xi+) - 1
V x  > ----------- ~  v p  [ s  1T T (X ) P
The reactions leading to the loss of X * + ions by electron impact 
ionization, (lb) and (2 b), have lower rates compared to those for the 
production of x1+ ions. This is because the ionization cross sections 
for the production of higher charge state ions are much lower than 
those for low charge states. Therefore the net result of electron 
impact ionization is an increase in the density of X 1+ ions. Just as 
equation (4a) is important for the production of X 1+ ions equation 
(4b) results in the suppression of X 1+ ions. Equations (4a) and (4b) 
are therefore competing reactions, with the domination of one or the 
other depending on the support gas density in the plasma. These
reactions only apply to ions with charge state greater than q=2+. For 
singly charged ions there is no change in the X° and X+ populations as 
the result of the interaction remains the same as before.
4.5.2 Balance equation for the production of X 1* ions
The rate of formation of ions of charge state q=i+ in the plasma is 
the net increase of the ion density per second due to the processes 
described in section 4.5.1, is given by
R(X1+)
fdn(X1+)'1
dt vp (s"1 ]
Rate of production 
of x 1+ ions due to 
atomic processes
Rate of loss of 
X1+ ions due to 
atomic processes
V_ - N t (X1 + )
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;1+) = Nion(xi+'eh) + Nion(xl+'eth) + Nex(X1+,X°) + Nex(Xi+,S°
+ N r r (Xi + ,et h >
~ N i o n (xll+1,+'eh) " N i o n (x<1+1)+'eth) " N e x (x(i_1)+,X° 
- N e x (X(i-1 )+,S°) - N r r (X(i“ 1 )+,et h ) - N T (Xi + )
H e n c e ,
d n ( X 1+
dt vion(x<1"1) + 'eh) n < x U  1> + > + vion(X<i_1) + 'eth)
+ ve x (X°,X(l+1)+) n ( x (i+1>+) + ve x (S°,X(i+1)+) n ( X (i+1)+
+ v r r (X(i+1 *+ ,et h ) n ( X <1+1)+
" vion(xi+'eh) n(xi+> - vion(xi+'®th) n(xi+>
- v e x (x°,x1 + ) n ( X i + ) - ve x (S°,Xi + ) n ( X i + )
- v r r (X1 + ,et h ) n(X i + ) - n ( x i + )/T(Xi + ) •
At equilibrium, the rate of increase of the X 1+ ion density is 
constant, i.e.
d n ( X 1 + )
dt 0.
Therefore, manipulating for n ( X i + ), one obtains
n ( X i + ) = u ( X i + ) n ( X (i_1)+) + D ( X i + ) n ( X (i+1)+) (4.15)
•W!„n (X(l_1) + ,eh ) + v. „ ( X (i_1) + ,et h )where,.U(X ) =1 + s _ ion   ion
D ENOM (X 1 + )
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i+ V (X°,X(1+1>+) + v (S°(X (i+1)+) + v (X(i+1 )+,et h )D ( X ) = -Si ~ ------- ;------- -- - - - - - - - - - - - -
DENOM(X1 + )
DEN O M ( X 1 + ) = v i o n (xl+’eh) + v i o n (xi+'eth) + ve x (X° ’xi+)
+ ve x (S°,X1 + ) + v r r (X1 + ,et h ) + 1 /T (x 1 + )
If m is the maximum charge state in the plasma, then n(X^m + 1 ^+ ) = 0. 
Substituting this into equation 4.15
n (Xm + ) - U(X m + ) n ( X (m- 1 ) + )
or
n (x*m “ 1 ) + ) « u ( X (m~ 1 ) + ) n (x*m - 2 ) + ) + D(x*m ” 1 ) + ) n(xm + ) 
so that, by substituting for n(Xm + ), one obtains
n(X(m~’U + ) _ u(x(m-l)+j n (X (m-2)+ ) + D(X^m_1 +^ ) U (Xm+) n(X*m“1)+)
, 1)+ U ( X (m- 1 ) + ) n ( X (m- 2 ) + ):. n(x' ' ) - ----
1 - D(x^m ” 1 ) + ) u(xm + )
This relation can be generalized for all charge states to
U ( X i + ) n ( X (i-1)+)n ( X 1 + )
1 - D ( X 1 + ) U ( X (l+1)+) 
n ( X 1 + ) » U * ( X 1 + ).n(X(l“ 1 ) + ) (4.16)
* U ( X 1 + )where, U (X1 + )
1 - D ( X i + )U(X(i+1)+)
By the repeated substitution of n ( X (l_1)+) ....  n(X + ) in equation 4.16
the following recursion relation can be obtained for the density of 
X 1+ ions, which is similar to the expression used by West [Wes82] for 
ion charge distribution calculation in a two-stage ECR ion source :
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n ( X 1 + ) = n(X+ ) " P J  U*(xn + ) 
n = 2
i
(4.17)
An important characteristic of a plasma is its quasi-neutrality, which 
means that the total ion density (test gas and support gas) is 
approximately equal to the total electron density (hot and thermal) :
m m'
•*. ^  i n ( X 1 + ) + 3 n ( S j + ) = + n*h (4.18)
i=l j=l
where i > 2+.
where m and m' are the maximum charge states of X and S, respectively, 
Hence, by substituting for n ( X 1 + ) into equation (4.18) the density of 
singly charged ions is as follows :
m f j
ne + neh " n(S+)X ]  3 T T  U>V(sn+)
j= 2  n= 2n(X ) = --    (4.19)
m i
E ‘ T T «
i= 2  n= 2
*(Xn + )
Equation (4.19) is of most interest as it is the starting point for 
the calculation of the ion densities of charge states higher than q=l+ 
using equation (4.17). However, since n(S+ ) is unknown it is not 
possible to obtain n(X+ ) using equation (4.19). This problem can be 
overcome by using trial ion densities, which assume that that the 
total ion densties of the test and support gases have equal values and 
that the ion density distribution can be given by the following 
relation :
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n ( X 1 + )
m
Z n ( X 1 + )
mi n ( S j + )
m r
Z n(S3+)
m f j
or
n ( x 1 + ) 1/2
h th. 
e + e >
mi n(S
1/2 <n£ + „th,
) = ---------------
m' j
X *4* "1 *4*Once the trial values of n(X ) and n(SJ ) have been determined using
the above relations the principal calculation can be initiated in order
+ 1 + to obtain n(X ) using equation (4.19) and hence n(X ) using equation
(4.18). Using these values of n ( X 1 + ) the principal calculation
is repeated in order to obtain more accurate values of n(S^+ ).
Convergence of n ( x 1 + ) and n(S-l + ) is obtained after about a hundred
runs through the principal calculation.
4.6 Confinement Time of X 1+ Ions
The confinement time of X 1+ ions, *tr(X1 + ), is necessary for computation 
of the ion density of ions of charge state q-i+, n ( X 1 + ), as shown in 
equations 4.15 and 4.17. West [Wes82] provides a semi-empirical 
formula for the calculation of confinement times of ions in a plasma 
of multiply charged ions, based on the modelling calculations of 
Rognlien and Cutler for a hydrogen plasma in the Tandem Mirror Machine 
at Lawrence Livermore National Laboratory [Rog79], which is 
generalized for a plasma of ions other than hydrogen :
T(X 1 + ) RL it m(X)
I 2 T ( X 1 + )
1/2
+ G(R) TQ (X1 + ) A 9 i 
T (X i + )
exp A<#> i 
s  T ( x 1 + ) ,
where R = mirror ratio
G(R) = factor = 2
L = effective length of plasma 
T ( X 1 + ) = temperature of X 1+ ions (in ergs for the first term)
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t q (X1 + ) ■ scattering time of X 1+ ions - l/v(X1 + )
\>(X1 + ) = ion-ion collision frequency of X 1+ ions with all
other ions 
A$ « depth of potential energy trap.
A$ is the potential well in the minimum-B geometry, which is required
to trap the ions and whose value is very sensitive to the distribution 
of the thermal electrons in the plasma volume. The collisions of ions 
with electrons and neutrals in the plasma are low compared to those 
with ions and are therefore neglected.
4.6.1 Ion-ion collision frequency
The total ion-ion collision frequency of the X 1+ ions with all 
the other ions present in the plasma is defined as
1 + mZ X 
j=l
3 + ) + V Z S 3 + ) j=l
where the first term is the collision frequency of X 1+ ions with 
all the X-*+ ions and the second term the collision frequency with 
all the S-1* ions.
The ion-ion collision frequencies are obtained from Spitzer [Spi62] 
and are equivalent to the reciprocal of the "90° deflection time" for 
both individual large-angle and cumulative small-angle deflections:
. 7.0 x 10 8 r— i i 2 n ( X 3 + ) j2 . . ,
MjlI I X3 ) - ------ Y 7 T  )    ln A(X1+,X3 + ) [s -1)
3 j-1 A ( X ) ± / 2  *—• kT.
j - 1
where A(X) = atomic mass of the test gas X
A = parameter defined by Spitzer as the ratio of the Debye 
length (Xn ) to the mean impact parameter for a 90°o ncollision = i4ne /mv ).
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The Debye length for electrons is defined as
U n n ee
1/2
which has to be modified to include the ions, so that
4 Jie‘ 3 n - n
th n
k T ion k T th kTh e e
-1/2
The logarithmic terms of the Spitzer parameter are obtained from 
Spitzer using the modified XD :
In A<X 1 + ,X3 + ) - 23.46 - ln
T.ion
j 2 n(X3 + ) n th
kTi kT th
n
kT
1/2
4.7 Extracted Ion Flux
The flux of X*+ ions [s— ^ ] which escape the confinement region
of the plasma is given by the number of ions contained in a volume of 
2
1 cm area multiplied by the length of the plasma (mirror-to-mirror 
distance) in a confinement time t(X 1 + ) :
. n ( X 1 + ) x L [cm] x 1 [cm] -F (X ) -  t-   [s” 1 ]
T (X )
However, the ion flux extracted from the ion source is collimated 
by the plasma electrode aperture, i.e. it is a fraction of F ( X 1 + ) 
given by :
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n(X1+) x L x na2 ,
N{ X ) =  7 —   [s'1]
x (X )
where a = radius of aperture [cm]. The extracted ion current is 
therefore given by
i+ N(xl+) -19I(X1+) = ------ 1.601 x 10 [A]
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CHAPTER 5. MEASUREMENT OF THE IONIZATION EFFICIENCIES OF ECR ION SOURCES
5.1 Xenon Ionization Efficiency of p-HISKA
Noble gases are generally used for the measurement of the ionization 
efficiencies of ion sources. They are the hardest elements to ionize 
because of their closed outer shells. Noble gases are therefore taken 
to be the "worst" cases, which implies that the ionization 
efficiencies of other elements must be higher, if one can ignore the 
differences in their chemical and physical properties. On the other 
hand an element with a low ionization potential can have a low 
ionization efficiency by condensing on the plasma chamber walls if it 
is either very reactive or has a low vapour pressure. Inert gases are 
monoatomic and do not react readily with the ion source materials and 
are therefore ideal for determining the minimum theoretical ionization 
efficiencies. Natural xenon was chosen as the test gas for the 
ionization efficiency measurements because its electronic structure 
(Z = 54) and atomic mass (A - 131.3) are similar to those of 1-123 
(z = 53). The xenon ionization efficiency was measured in order to 
determine whether an ECR ion source was efficient enough at all to be 
considered for the purification of 1-123.
5.1.1 Experimental Arrangement
The ECR ion source used for the measurement of the xenon ionization
efficiency was p-HISKA, which has already been mentioned in section
1.4. It was a prototype, 1:3 scale version of HISKA [Bec81a], w hich was
a two-stage ECR ion source built as a test facility for the production
of highly-charged light ions for injection into the Karlsruhe
Isochronous Cyclotron. The first stage operates at a high gas pressure -3(10 mbar) producing a relatively cold plasma (T = 50 - 100 e V ) .
This diffuses to the second stage, which operates at a low gas 
-7pressure ( 1 0  mbar) where ionization to higher charge states takes 
place in a confined, dense and hot plasma.
The first stage of p-HISKA was a mini-ECR ion source, which consisted 
of a ring magnet made of samarium cobalt permanent magnets, situated
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in a vacuum chamber before the second stage. The neutral gas was fed 
into the source through the first stage, which was pumped by means of 
a turbomolecular pump. The axial field strength of the ring magnet was
0.52 T in the centre of a 10 mm bore. The cold plasma in the first 
stage was created by feeding in 14.5 GHz microwaves, which correspond 
to a magnetic field of 0.52 T. The ring magnet had an outer diameter 
of 70 mm and an axial length of 20 mm.
The second stage was operated by 7.5 GHz microwaves with the axial 
magnetic field created by means of two symmetrical sets of water- 
cooled aluminium coils. The maximum axial field was 0.39 T with a 
mirror ratio of 1.7. The rainimum-B field was produced by the 
superposition of the axial field with a radial field created by a 
hexapole made of samarium cobalt permanent magnets, housed in a
2stainless steel casing. Each bar had a cross section of 17 x 33 mm 
and a length of 280 mm. The hexapole, with an inner radius of 52 mm, 
was built into the vacuum chamber integrated between the two sets of 
coils, which meant that it was in direct contact with the plasma. The 
permanent magnets, therefore, had to be cooled directly, which was 
carried out by means of ethylene glycol, instead of water, in order to 
avoid corrosion. The second stage was pumped by means of two diffusion 
pumps, with one connected to the main vacuum chamber and the other one 
situated beyond the extraction system. This was to ensure a good 
enough vacuum in the second stage in order to prevent the loss of the 
highly-charged ions through neutralization by charge exchange with the 
neutrals. The only difference between p-HISKA and HISKA was that the 
axial magnetic field was created in the latter by means of super­
conducting coils instead of solenoid coils.
Before proceeding to measure the xenon ionization efficiency of 
p-HISKA, it was converted from an ion source designed to produce 
highly-charged ions to one in which the ionization efficiency was 
maximized. The following modifications were therefore carried out on 
p-HISKA :
1 . the first stage of the ion source was removed completely;
2 . the diffusion pump situated in the second stage between the 
solenoid coils was removed;
3. the chamber in the second stage was converted from a vacuum
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Figure 5. 1 : The ECR ion source p-HISKR used for
the production of highly-charged ions
Figure 5.2 : The modified p-HISKR used for the
measurement of the xenon efficiency
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chamber to a microwave cavity, which supported the hexapole;
4. a 2 mm thick quartz tube, with a length of 300 mm and an outer 
diameter of 48 mm, was inserted inside the hexapole to act as 
the plasma vessel.
Figures 5.1 and 5.2 show the differences between p-HISKA before and 
after the modifications. The removal of the first stage was necessary 
in order to reduce the production of ions of charge states higher than 
q = 1. As the new plasma volume was provided by the quartz tube the 
diffusion pump in the second stage became superfluous. The quartz tube 
was fitted with aluminium connections on both ends sealed by means of 
araldite and leak tested with helium. The entrance connection had a 
1 mm hole in order to introduce the gas into the plasma and the exit 
connection was constructed in the form of a plasma electrode with a 
10 mm exit hole. The earthed extraction electrode, located just after 
the second mirror maximum, was connected to the extraction end of the 
quartz tube by means of a short cylindrical ceramic insulator. The 
quartz tube was pumped through the exit hole via a vacuum chamber 
connected to a diffusion pump. The total extracted current was 
measured by means of a Faraday cup located in the vacuum chamber. The 
extracted ion beam was deflected about 45° into the Faraday cup by 
means of an ion-electron beam divider, which consisted of two 
electrodes with a high potential difference. In this way both the 
primary electrons (emanating from the ion source) and the secondary 
electrons (produced by the ion beam bombarding the metallic surface) 
could be prevented from influencing the accuracy of the ion current 
measurements. The undeflected beam was focused by an einzel lens into 
a Wie n  filter through a 10 mm diameter collimator hole. This was 
necessary in order to achieve a better resolution of the xenon ion 
peaks of various charges, as their charge-to-mass ratios are very 
close to each other. By obtaining a mass spectrum for each measurement 
the percentage of the xenon current in the total current extracted 
from the ion source was determined. Figure 5.3 shows a typical mass 
spectrum obtained with the Wien filter.
5.1.2 Procedure
The xenon gas was introduced into the quartz tube through a copper 
capillary tube by means of a controlled leak using a thermo-electric
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Figure 5.3 : A  typical mass spectrum obtained with a Wien filter 
The spectrum is obtained by varying the electric fi 
which is represented by the x-axis.
ionsource
Figure 5.4 : The flow meter system used for the measurement 
of the xenon flow rate into the ion source.
needle valve. The flow rate of the xenon leak was measured with an 
accurate flow meter system specially designed for this experiment, 
which is shown in Figure 5.4. This had to be devised because a 
commercially-available leak measurement system was not obtainable at 
that time. With the end of the 0.1 ml calibrated pipette sealed and 
all the valves closed, the gas line, the pipette and the rubber 
balloon were first evacuated using the roughing pump. Closing the 
valve to the roughing pump, xenon was filled into the gas line, the 
balloon (which acted as a reservoir) and the pipette to atmospheric 
pressure. With the xenon bottle valve closed, the pipette was unsealed 
and the end immersed quickly into a test tube half-filled with 
diffusion pump oil (Fomblin). The balloon was squeezed long enough to 
expel air in the pipette, after which the needle valve was opened. 
After reaching equilibrium the level of Fomblin in the pipette was 
slightly higher than that outside it due to the capillary effect. The 
difference between the two levels was noted down. Closing the valve to 
the balloon, the outer Fomblin level was raised by raising the test 
tube to a height corresponding to the desired volume in the pipette. 
The rise of the inner level to the original level above the outer 
level was timed with a stopwatch. A  slight overpressure created in the 
gas line forced the xenon to leak into the quartz tube, with the 
pressure returning to atmospheric at the end of the rise. This way the 
xenon flow rates could be measured accurately, with a high degree of 
reproducabilty.
The number of neutral xenon atoms flowing into the quartz tube per 
second was calculated by using the following relation:
N n
(N )a
►R . ,T,
- 7.244 x 10 1 8
F atoms/s 
'Ps
iTj F atoms/s
23where, N « Avogadro's number - 6.023 x 10
AR - universal gas constant « 8.134 x 10 mbar«ml/°K mole3P = gas pressure = 10 mbar (atmospheric pressure)
T * gas temperature = 293°K (room temperature)
F = flow rate (ml/s)
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The number of X e + ions extracted from the quartz tube per second 
was determined as follows:
N. - (R+ x It x 10 6 )/e
where R+ - ratio of the X e + current passing through the Wien filter 
(measured from the charge state distribution)
I. - total extracted xenon ion current (//A)
—  IQe - electronic charge - 1.601 x 10 C 
The ionization efficiency of X e + ions was therefore given by:
E - x loot
7.5 GHz microwaves were used for the plasma generation in the quartz 
tube. The microwaves were injected into the multimode cavity through a 
leak proof teflon window by means of a waveguide, so that they could 
enter the quartz tube through the gaps between the hexapole bars. The 
current supplied to the solenoid coils was set at 260 Amps to obtain a 
mirror field maximum of 0.32 T with a mirror ratio of R - 1.7. The 
coils and the vacuum pumps were earthed and the whole of the rest of 
the ion source structure was biased with +7 kv through the cavity and
Figure 5.5 : A  charge state distribution of xenon obtained with 
the Wien filter
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the alumimium ends of the quartz tube. This way the ions could be 
extracted from the plasma by the grounded extraction electrode with a 
potential drop of 7 kV. The extraction voltage was limited to 7 kV to 
avoid the high voltage breakdowns of the insulation between the cavity 
and the solenoid coils.
Charge state distributions were obtained as functions of the xenon 
leak flow rates (Figure 5.5) by optimizing the Xe+ peak for maximum
current by means of the microwave power, which was found to lie
between 50 and 120 W. In all the cases Xe+ was the dominant species
2+ 2+with a small Xe contribution of 10-20%. The Xe peak was
unfortunately swamped by the X e + peak because of the poor Wien filter
resolution, which could not separate the small difference in the q/m
ratio of the two charge states.
5.1.3 Results and Discussion
Figure 5.6 shows the Xe+ ionization efficiency as a function of the 
xenon leak rate into the plasma volume. The highest ionization
Xenon flow rate (x 10"*ml/s) 
Figure 5.6 : Th^ xenon ionization efficiency as a function 
of the xenon flow rate into the ion source.
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efficiency obtained was 85% with a flow rate of 3.0 x 10 ml/s,
which, however, was unable to be reproduced. The highest ionization
efficiency value which could be reproduced was of the order of-548 - 50% with a flow rate of 5.0 x 10 ml/s. It was not possible to
measure the ionization efficiency with flow rates lower than -53.0 x 10 ml/s because a plasma discharge could not be maintained at 
such low gas pressures. The ionization efficiency shows a very strong 
inverse proportionality to the flow rate of the neutral gas or the 
neutral pressure in the plasma volume. In other words, a high neutral 
pressure suppresses the ionization efficiency.
As the mirror coil current was kept constant the position of the ECR 
zone relative to the extraction hole also remained constant. The only 
variable among the ECR parameters, apart from the flow rate of the 
xenon gas, was the microwave power, which was not a very sensitive 
variable for the optimization of the ionization efficiency. Therefore, 
the only readily variable parameter which influences the ionization 
efficiency here is the neutral gas pressure in the plasma.
According to equation (4.12) in section 4.3.1 the rate of charge 
exchange between neutrals and ions of the same species is proportional 
to the neutral density. For the rate of production of singly-charged 
ions equation 4.8 also demonstrates a dependence upon the neutral 
density. Therefore, one would expect the ionization efficiency to 
increase with the neutral density at low densities, decreasing at 
higher densities. This implies that ion production dominates initially 
with charge exchange dominating at higher densities. However, 
according to Figure 5.6 the ionization efficiency decreases with 
increasing neutral density. This means that the plasma in the ECR 
source was in the dense state with charge exchange dominating all of 
the time.
-5
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5.2 Radioiodine Ionization Efficiency of p-HISKA
5.2.1 Experimental Arrangement
The ECR ion source, p-HISKA, which was used for the measurement of the 
ionization efficiency of xenon (section 5.1) was remodified for the 
measurement of the radioiodine ionization efficiency (Figure 5.7). The 
minimum-B field required for confining an ECR plasma was, as before, 
created by the superposition of the fields of the water-cooled 
aluminium coils and a samarium cobalt hexapole permanent magnet 
system. The plasma volume initially consisted of a quartz tube 
inserted inside the hexapole and vacuum-sealed to aluminium vacuum 
stoppers on both ends with silicon O-rings and araldite. This way  the 
quartz tube was connected to a diffusion pump vacuum chamber on the 
entrance side and to a turbomolecular pump vacuum chamber on the 
extraction side, ensuring a better vacuum in the plasma region. A  
vacuum interlock system, consisting of two hand-operated gate valves,
Figure 5.7 : The modified ECR ion source used for the measurement 
of the radioiodine ionization efficiency.
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allowed the introduction of radioiodine into the ion source without 
breaking the vacuum. The support gas was fed into the quartz tube 
through a copper capillary via the first vacuum chamber, by means of a 
controlled leak using a thermoelectric valve. In addition, the 
radioiodine was initially introduced into the ion source in the frozen 
form thereby not contributing to the neutral pressure in the plasma 
volume. Pressure measurement inside the quartz tube was not possible 
because of lack of access and was therefore carried out only in the 
two vacuum chambers, using Penning gauges, whose use was dictated by 
the presence of strong stray magnetic fields, which interfered with 
the operation of a hot cathode ionization gauge.
The introduction of radioiodine into the ion source initially took 
place by means of a liquid-nitrogen-cooled, gold-coated ( 1 0  /ym), 
stainless steel finger (later changed to a quartz finger). The gold 
coating was used to increase the trapping efficiency of radioiodine as 
shown by Helus et. al. [Hel78J. The radioiodine was condensed on to 
the tip of the finger in a glove box and transported to the ion 
source, with the finger tip sealed inside an O-ringed, vacuum 
feed-through connected to the first gate valve of the interlock 
system. The purpose of this was to transport the "hot" finger tip 
unexposed to air, in order to prevent ice formation and contamination, 
and to facilitate the introduction of the finger into the ion source 
without breaking the vacuum. The finger tip could then be easily 
positioned inside the quartz tube by means of the feed-through. A  
thermocouple inserted into the cold finger through one of its cooling 
tubes enabled the measurement of the temperature at the finger tip 
during operation of the ion source. With the cold finger positioned 
inside the ion source, pumping in the quartz tube was achieved mainly 
through the low-conductance plasma electrode hole, resulting in the 
pressure there being higher than in the second vacuum chamber. This 
therefore gave a negative pressure gradient in the extraction 
direction, leading to a higher charge exchange cross section of ions 
with the neutrals.
The plasma inside the quartz tube was generated by the radial 
injection of 7.5 GHz continuous wave microwaves (X ■= 4 cm) into the 
microwave cavity in the presence of the minimum-B field (corresponding 
resonance field: 2.7 k G ) . The inner diameter of the cavity was large
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( 2 0  cm) compared to the wavelengths of the various microwave modes, 
thereby making it a multimode cavity. The flow rate of the support gas 
was kept as low as possible in order not to suppress the ionization 
efficiency of radioiodine by charge exchange with the support gas 
neutrals. The finger tip was heated up to about 500°C by bombardment 
with the energetic electrons of the plasma, which also heated the 
quartz walls at the same time. Hence, the radioiodine evaporated from 
the finger tip could be ionized by its passage through the plasma, 
with the hot quartz walls preventing the radioiodine depositing there. 
The extraction of the positive ion beam was achieved by placing the 
whole ion source (from the cold finger to the plasma electrode, 
excluding the mirror coils, which were insulated from the microwave 
cavity) at a high potential (around 10 kV), to define the plasma at 
the same potential, and the extraction electrode at earth potential 
(see Figure 5.8a). Both the electrodes were fixed. The ion beam, 
consisting of support gas and radioiodine ions, was stopped by a 
liquid-nitrogen-cooled "catcher" positioned in the second vacuum 
chamber. A  collimated Nal detector placed outside the vacuum chamber 
was used to measure the count rate of the 1-123 deposited at the 
catcher as a function of time. The ion source was switched off as soon 
as a maximum count rate (if any) was reached. This generally took 
between half-an-hour to an hour of source operation. The ion source 
had to be vented afterwards to remove the catcher and to dismantle the 
internal parts of the ion source in order to measure the 1-123 
activities deposited on them. The 1-123 activities were measured with 
a calibrated Ge(Li) detector connected to a PDP-11/34 computer via a 
Canberra Series 80 multi-channel analyzer. The use of a support gas 
was made necessary by the fact that the initiation and maintenance of 
a plasma by a radioiodine charge was not possible due to the very 
small amounts introduced into the ion source. The highest 1-123 
activity used was 6 mCi, which corresponds to a mass of about 3 ng and 
an integrated beam current of 2.44 pC, or a current of about 1.3 nA, 
assuming an ion source operation time of about half-an-hour. This is 
negligible when compared to the total current extracted from the ion 
source, which, depending on the support gas used, ranged from 0.3 to 3 
mA. Stable iodine could not be used instead of the support gas mainly 
because it is very active chemically and would therefore have corroded 
the metallic (stainless steel and aluminium) parts of the ion source. 
Hence, a support gas was decided upon, with the first choice being
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Figure 5.8b : The improved extraction system of the ECR ion source
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natural xenon, which as an inert gas would not react with radioiodine 
and whose similar atomic mass (131.3) was thought to be helpful in the 
extraction of radioiodine ions. Xenon was later replaced by hydrogen, 
the reason for which will be described in the latter part of this 
section.
Before each run the ion source was operated the day before with the 
support gas only, in order to determine the optimum parameters for 
obtaining a well-focused beam at the catcher without hitting the 
extraction electrode, which being earthed via a current meter enabled 
the part of the ion beam hitting it to be measured. In order to 
optimize the beam diameter at the catcher, a quartz plate with a 
metallic grid was attached to its back. By rotating the catcher by 
180°, secondary electrons produced by the bombardment of ions on the 
grid and the ions themselves made the quartz plate glow in the beam 
region. An insulated collimator ring at the entrance of the catcher 
ensured the focusing of the ion beam into the catcher by adjusting the 
parameters for zero current at the collimator and a maximum current in 
the catcher itself. The parameters used for optimization were; the 
microwave power fed into the plasma, the mirror field, the support gas 
flow rate and the extraction voltage (which was limited to a maximum 
of 1 0 . 8  kv due to high voltage breakdowns between the coils and the 
microwave cavity). The optimized parameters were then used for the run 
with radioiodine, with some minor adjustments in order to reproduce a 
well-focused beam in the catcher.
Each experiment to measure the ionization efficiency of radioiodine 
genarally took a whole day, which included the subsequent dismantling 
of the ion source to measure 1-123 activities on the various parts. 
With the decontamination of the ion source parts to reassemble the ion 
source, at least a week elapsed between consecutive runs. When any 
mechanical changes in the ion source had to be made, for instance, in 
the extraction system, the time spent between runs was much longer.
5.2.2 Procedure
5.2.2.1 Introduction of radioiodine into the ion source
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The 1-123 was produced, as described in section 1.1, by the 
bombardment of 96%-enriched Te0 2 with 30-MeV protons at the 
Karlsruhe Compact Cyclotron. The transfer of radioiodine from the 
tellurium dioxide target to the tip of the cold finger always took 
place in a glove box held at an under-pressure differential of about 
20 mbar. The finger was introduced into the glove box using the vacuum 
feed-through and the first gate valve of the ion source interlock 
system. A  mixture of phosphorous pentoxide and sand left overnight in 
the glove box ensured thorough drying of the air inside it. The 
finger, 90 cm in length and 2.5 cm in diameter, was made of 0.5 mm 
thick stainless steel, for low thermal conductivity, with a gold 
coating on the first 10 cm at the front end. Gold, like quartz, is 
resistant to iodine, which can be readily condensed at low 
temperatures and evaporated at high temperatures. The vapour pressure 
of iodine at its boiling point (113.6°C) is 120 mbar, which implies 
that vaporization of radioiodine from the cold finger in a vacuum of 
about 1 0 ~ 3 mbar would be achieved readily at a temperature of about 
100°C. The finger tip, made of copper for good thermal conductivity, 
was cooled down to liquid nitrogen temperature during and after the 
transfer of radioiodine in the glove box. The inside of the finger was 
evacuated for good thermal insulation of the cooling tubes carrying 
liquid nitrogen to the copper tip and back, to prevent ice formation 
on the outside.
The dry distillation method of extraction of radioiodine from the 
tellurium dioxide target, used in the routine production of 1-123 
[A s s 7 9 ], was adapted for condensing the radioiodine onto the finger 
tip. The target, which was first gently heated to evaporate any water 
present from the cooling during irradiation, was further heated to 
750°C for about 10 minutes in a quartz tube onto whose end the cold 
finger was positioned using a teflon adaptor (see Figure 5.9). In this 
way  most of the radioiodine was carried away from the target by the 
pre-heated oxygen and condensed onto the liquid-nitrogen-cooled tip. 
Oxygen was used as the carrier gas as iodine does not react directly 
with it. The oxygen flowing past the finger tip was bubbled through a 
wash bottle containing a solution of aqueous NaOH to trap any 
uncondensed radioiodine.
The 1-123 activity deposited onto the finger tip was then measured
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with the Ge(Li) detector, before introducing it into the ion source 
and without removing it from the first half of the interlock system. 
The ratio of the decay-corrected 1-123 activity collected in the 
catcher after every run to that initially introduced into the ion 
source was defined as the effective ionization efficiency of 
radioiodine. Preliminary experiments gave a 75% transfer efficiency 
from the target to the cold finger, but no attempt was made to improve 
this efficiency as it was accepted to be high enough for the purposes 
of these experiments.
5.2.2.2 Measurement of the effective radioiodine ionization 
efficiency with results and discussion
5.2.2.2.1 Introduction of radioiodine using a cold metallic finger
An 1-123 activity of 155 /jCi was introduced by means of the cold
Figure 5.9 : The quartz apparatus used for transferring the
radioiodine from the Te 0 2 target to the cold finger.
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Run
No. Method of introduction of radioiodine
Support
gas 1-123activity
i f jCi)
Maximum microwave power (W)
Gas pressure in 2nd vacuum chamber
Distance Finger-ECR zone (cm)
1 Metallic finger xenon 155 170 7 X 1 0 “ 7 150
2 Metallic finger xenon 76 150 IO" 6 -30
• 3 Metallic finger xenon 2 0 0 600 3 X 1 0 6 -30
4 Metallic finger H2 645 600 5 X IO' 6 - 1 0
5 Metallic finger H2 850 630 1.5 X 1 0 ~ 5 - 1 0
6 Metallic finger xenon 495 900 1 0 ~ 6 -15
7 Inner quartz tube xenon 630 650 2 X IO" 6 -
8 Inner quartz tube H2 370 800 1.9 X -5 1 0 3 -
9 Quartz finger H2 6000 920 1 0 " 5 -75
1 0 Quartz finger H2 810 840 1 0 ~ 5 -75
1 1 Quartz finger helium 710 860 2 X -51 0 D -75
RunNo. Finger tip temperature (°C)
% Activity removed from finger
% Activity removed from plasma volume
Extractionvoltage(kV)
Maximumcatchercurrent(//A)
Radioiodineionizationefficiency
(%)
1 - 1 0 0 31 0 8 . 0 180 0 . 0
2 - 550 99 0 9.0 640 0 . 0
3 - 550 98 0 7.0 340 0 . 0
4 - 600 98 82 - - 0 . 0
5 - 300 79 71 8 . 8 480 5.0
6 ~ 500 96 7 9.0 500 0 . 0
7 - - 35 9.0 500 0 . 0
8 - - 50 9.0 460 6 . 0
9 - 500 97 92 1 0 . 8 2400 9.0
1 0 - 370 95 84 0 . 0 0 1 . 0
1 1 - 370 96 65 0 . 0 0 0.5
Table 5.1 ; Summary of the runs of the measurement of the radioiodine 
ionization efficiency.
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finger into the ion source for the very first run (Table 5.1
summarizes the data of all the runs). The finger tip was positioned
inside the quartz tube as far away from the ECR zone as possible. This
was dictated by the fact that the heating effect of the hot plasma
electrons as a function of distance from the ECR zone was not known.
Using xenon as the support gas (which was also used for the second and
third runs) a zero ionization efficiency was measured as no 1-123
activity was detected at the catcher during the operation of the
source. This could be explained by the fact that only 31% of the
radioiodine was removed from the finger tip, which was heated to about
100°C by the bombardment of plasma electrons. This was contrary to
what had been expected, i.e. the radioiodine should have evaporated at
—3this temperature and a pressure of the order of 1 0 mbar, because
of its high vapour pressure. The ineffective heating of the finger tip
could be accounted for by the fact that it had been positioned beyond 
the magnetic mirrors, so that most of the energetic electrons would 
have been reflected before reaching it. Therefore, the heating would 
have taken place only due to the bombardment of slower electrons 
expelled from the mirror trap. None of the radioiodine released was
uo
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Figure 5.10 : The temperature of the cold finger as a function 
of the distance from the ECR zone.
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actually extracted from the plasma volume, as most of it was deposited 
onto the cold quartz walls in the region where the finger tip had been 
positioned.
Figure 5.10 shows the temperature of the finger tip vs. its distance 
from the ECR zone, measured with a microwave input power of 100 W. It 
can be seen that the temperature stays constant at roughly 100°C up to 
about 5 cm from the ECR zone, beyond which it increases dramatically 
to about 550°C. This indicated the position of the first magnetic 
mirror where the hot electrons were reflected back to the second 
mirror. It could therefore be deduced that the optimum position for 
efficient heating of the finger tip by the hot electrons would have 
been between the first magnetic mirror and the ECR zone, or better 
still directly inside the ECR zone where the electron temperature is 
much higher. With later runs the maximum finger tip temperature was 
also measured to be about 550°C with much higher microwave powers.
This could be explained by the fact that, although the electron energy 
(and hence the finger tip temperature) is proportional to the 
microwave power, the other parameters such as the neutral gas flow, 
the magnetic field and the extraction voltage were not the same. The 
presence of the finger tip inside the plasma led to no observable 
ins ta bl it ie s . However, the question still remained about the lowest 
temperature required to release radioiodine from the finger tip.
For the second run the finger tip was positioned inside the ECR zone 
and as expected a 99% release rate of radioiodine was obtained, as 
shown by the finger temperature of about 550°C. .(For the rest of the 
runs the finger tip was always positioned inside the ECR zone). 
However, no detectable ionization efficiency of the radioidine was 
observed again. All of the radioiodine was found to be deposited on 
the quartz walls in the ECR region indicating that the walls were, as 
before, not hot enough. Hence, one could deduce that although the 
finger tip, being on the axis, was heated effectively enough by the 
hot electrons, the inner diameter of the quartz tube (44 mm) was too 
big to allow it to be heated to the same temperature as the finger 
tip. This made the condensation of radioiodine on the quartz walls 
possible after its release from the finger tip and therefore prevented 
its ionization in the plasma. Plasma heating of the quartz tube was 
necessary as ohmic heating would have interfered with the microwave
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transmission into it. For the same reason no attempt was made to 
measure the quartz tube temperature. Nevertheless, it seemed plausible 
that the heating of the quartz tube could be made more effective by 
decreasing its diameter. A  quartz tube of 26 mm inner diameter was 
enclosed inside a second larger tube, which was foreseen as a 
protective measure in case the inner tube ever broke. The outer tube 
was vacuum sealed to the vacuum stoppers as before, which had to be 
modified to support the inner quartz tube. A  good vacuum between the 
inner and outer tubes, pumped through the first vacuum chamber only, 
prevented the occurrence of a plasma discharge there. This would have 
dampened the microwaves injected into the inner tube and at the same 
time heated the silicon O-rings unnecessarily.
5.2.2.2.2 Coaxial quartz tube
With the new coaxial quartz tube used for the third run 98% of the 
radioiodine was released from the finger tip. Once again all of the 
radioiodine was deposited on the inner quartz tube except in the ECR 
region, where the ECR zone appeared to be in direct contact with the 
inner tube, if not partly lying ouside it. In order to heat the whole 
of the inner tube the mirror field could be lowered so that the ECR 
zone could expand axially. There was, however, a gradual breakdown in 
the extraction voltage, forcing it to be decreased from 7 kV to 6 kV 
until eventually a complete breakdown occurred. This was the result of 
sputtering of Cr, Fe, Ni and Au onto the ceramic insulator between the 
plasma and extraction electrodes, resulting in an electrical short 
circuit. The sputtering was produced by the bombardment of xenon ions 
onto the gold-coated, stainless steel extraction electrode. Despite 
the optimization of the extracted ion beam, a part of it always hit 
the extraction electrode. The sputtering yield is proportional to the 
ratio of the incident ion mass to the target particle mass and is 
inversely proportional to the ionic energy [Wil73]. Therefore 
sputtering of gold with xenon ions is particularly high. The 
sputtering rate can therefore be reduced by a lower ionic mass and a 
higher ionic energy; the latter could not be increased due to the 
limit placed by the insulation between the cavity and the coils. An 
aluminium sputter shield was attached to the extraction electrode to 
prevent the sputtered species from reaching the ceramic insulator.
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5.2.2,2.3 Hydrogen as support gas
By changing the support gas to hydrogen, 82% of the radioiodine could 
be extracted from the plasma volume for the first time, with a 98% 
release rate. This could be attributed to the use of hydrogen as a 
support gas, which apparently produces a plasma hotter than that of 
xenon. The inner quartz tube could therefore be uniformly heated to 
high temperatures. However, the plasma during the whole experiment was 
very unstable. Instabilities were encountered with the extraction 
voltage, which was influenced by a high current at the plasma 
electrode, due to the high voltage supply being current-limited. 
Finally, an extraction voltage breakdown occurred with the melting of 
the aluminium sputter shield by a very divergent proton beam. Another 
explanation for the melting of the shield might have been that due to 
a relatively bad vacuum in the extraction region a Penning-type 
discharge could have occurred between the plasma and extraction 
electrodes. However, despite the high extraction rate of radioiodine 
none of it reached as far as the catcher. It was not clear whether the 
radioiodine had been extracted in the neutral or ionic form. A  high 
proportion of radioiodine deposited on the plasma electrode indicated 
that at least that much could have been extracted in the ionic form.
On the other hand, it was also possible that the radioiodine deposited 
on the extraction electrode was due to a divergent neutral beam pumped 
out of the plasma electrode hole. Finally, a leak developed in the 
outer quartz tube due to the melting of the silicon O-ring/araldite 
seal with the plasma electrode holder, which was heated up by the high 
current at the plasma electrode.
5.2.2.2.4 N ew  extraction system
To counter the problems encountered with the beam extraction and the 
bad vacuum in the extraction region, a new extraction system was 
designed (see Figure 5.8b). The following improvements were made:
- the silicon O-ring/araldite seal was replaced by a compressed 
viton seal, enabling easy replacement of the outer quartz 
tube in case of breakage;
- a plasma electrode with a Pierce geometry was made replaceable,
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which facilitated the trial of different electrode holes?
- a quartz disc was built in to shield the plasma electrode from 
the high plasma currents, with the exception of a hole slightly 
bigger than the plasma electrode hole itself;
- a stainless steel sputter shield was attached to the plasma
electrode holder to protect the ceramic insulator from the 
sputtered species?
- the extraction electrode was made smaller to accommodate holes 
in the holder for pumping the extraction region more 
efficiently?
- the extraction electrode was also made movable in order to be 
able to vary the acceleration gap?
- finally, a third electrode or condenser lens was installed
after the extraction electrode to aid the focusing of the ion 
beam into the catcher.
Using the new extraction system and hydrogen as the support gas, 5% of 
the radioiodine introduced into the ion source was transferred to the 
catcher for the first time, with 71% of the radioiodine extracted, but 
only 79% released from the finger tip. The lower release rate might 
have been due to a higher mirror field than before resulting in an 
axially compressed ECR zone further away from the finger tip. The 5% 
ionization efficiency could be attributed to an improved extraction, 
but the question still remained whether the rest was extracted in the 
neutral or ionic form. Of the total activity, 26% and 13% were, 
respectively measured on the plasma and extraction electrodes, both of 
which could well have been deposited in the neutral form. The 
extracted proton current was lower than expected, although the maximum 
space-charge-limited extracted current is proportional to the square 
root of the ionic charge-to-mass ratio [Gre74J. This was due to the 
fact that the maximum extracted current was sacrificed for a focused 
beam into the catcher, which is also an important requirement for a 
mass separator. The low ionization efficiency was thought to have been 
due to the big difference in the ionic masses of protons and 
radioiodine ions, which could have influenced the focusing of the 
radioiodine ions. It must be remembered that the beam focusing 
parameters were optimized for protons.
The previous run was repeated with xenon using the new extraction
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system. With only 7% of the radioiodine extracted from the plasma 
volume and none transferred to the catcher, it was confirmed that the 
xenon plasma, in contrast to the hydrogen plasma, was incapable of 
heating the quartz tube to a temperature high enough to release the 
radioiodine deposited on the walls. The reason for the hydrogen plasma 
being more effective in heating the quartz tube can be explained if 
one considers the transverse diffusion of ions in the plasma, which is 
given by [C h e 7 4 ]:
m v tl2 ^
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where r is the Larmor radius, m is the ion mass, \> is the ion- 
electron collision frequency, v fc is the tranverse ion energy and B the 
magnetic field. In our case we deal with a partially ionized plasma, 
which implies that the rate of perpendicular diffusion of xenon ions 
is higher than that of protons because of their larger Larmor radius 
(assuming that they both have the same transverse energy). Hence, the 
ion-electron collision frequency of xenon ions -is much higher than 
that for protons, which means that the electrons in a xenon plasma are 
slowed down a lot more than the hydrogen plasma electrons. As the 
quartz tube is heated by the electrons lost from the plasma, the 
colder xenon plasma electrons are ineffective in heating it.
5.2.2.2 .5 Introduction of radioiodine by direct deposition onto 
the inner quartz tube
The method of introducing the radioiodine into the ion source was
changed from that of the cold finger to that of depositing the
radioiodine directly onto the inner quartz tube. With the new method
the ion source had to be vented to install the active inner quartz
tube, which resulted in a relatively long pump-down time of about
—6h al f - a n - h o u r , to a pressure of about 1 0  mbar in the second vacuum 
chamber, before the source could be switched on. However, the metallic 
surface of the cold finger, except for that of the copper gas 
capillary, was eliminated to prevent sputtering of metallic atoms by 
the plasma onto the quartz walls, which only dampened the microwaves
kTv r \>
mw‘
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entering the tube. Using this method of introduction the source was 
operated first with hydrogen and then with xenon. With hydrogen an 
ionization efficiency of 6 % was obtained for radioiodine, while, as 
expected no radioiodine could be transferred to the catcher with 
xenon. This was a reproduction of the results obtained so far with the 
cold finger method of introduction, except for the extracted 
rates of radioiodine using hydrogen (50%) and xenon (35%).
5.2.2.2.7. Introduction of radioiodine using a cold quartz finger
The inner quartz tube method of introducing radioiodine was abandoned 
for that using a quartz finger. This method was exactly the same as 
that of the cold metallic finger except for the fact that the support 
gas was introduced via a quartz capillary in the finger itself. This 
way  the plasma container was made wholly out of quartz, except for the 
exposed part of the extraction electrode, so that very little 
sputtering due to the plasma could take place there. Using hydrogen, 
the highest ionization efficiency of radioiodine to date (9 %) was 
obtained, with an initial input of about 6 mCi and an extraction 
voltage of 1 0 . 8  kv, both of which were the highest values used, 
respectively. A  proton current of 2.4 mA was extracted, which was more 
or less in agreement with the expected current. The improved 
radioiodine ionization efficiency could be attributed to the 
positioning of the quartz finger tip deep inside the ECR zone and the 
injection of 920 W  microwave power into the plasma, which was about 
50% higher than previously used for the metallic finger and hydrogen. 
However, there was as before some doubt as to whether the radioiodine 
collected in the catcher was due to ionic focussing or simply by 
neutral diffusion. Considering the high activity/unit area measured in 
the catcher, compared to that in the vacuum chamber, one could 
discount the idea of a neutral beam of radioiodine reaching the 
catcher. In the case of a neutral beam entering the vacuum chamber 
uniformly, both the catcher and the vacuum chamber would have had the 
same activity/unit area. Hence, it could be assumed that the 
radioiodine collected in the catcher so far had been in the ionic 
form.
In order to confirm this assumption, the experiment was repeated
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without any extraction voltage. This way any radioiodine collected in 
the catcher would represent the neutral proportion of radioiodine 
measured so far in the previous experiments. Using hydrogen and helium 
as support gases, 1% and 0.5% of the total radioiodine were measured in 
the catcher, respectively. This showed that the radioiodine reaching 
the catcher at least was in the ionic form. Hence, the ionization 
efficiencies of radioiodine would have to be corrected for the 
presence of about 1 % neutrals in the radioiodine beam.
5.2.3 Conclusion
Contrary to what had been expected, the p-HISKA ionization efficiency 
of radioiodine was measured not to be higher than about 8 % (taking 
into account the 1% neutral part). This could be attributed mainly to 
the fact that p-HISKA had not been designed specifically for the 
ionization of radioiodine. Its initial task had been to produce 
highly-charged nitrogen and lithium ions for experimental injection 
into the cyclotron. It was used in its modified form for the 
measurement of the radioiodine ionization efficiency because there was 
no other ECR source available; building a completely new ECR source 
was out of the question because of lack of funds. However, despite the 
low radioiodine ionization efficiency obtained it was nevertheless 
very instructive, in that the handling of radioiodine with an ion 
source could be experienced.
Up to 75% percent of the 1-123 activity in the tellurium-124 dioxide 
target could be introduced into the ion source by means of the cold 
finger or the quartz finger. This only required a slight modification 
of the procedure used in the routine production of 1-123. A  release of 
up to 99% of the radioiodine from the finger tip could be achieved 
when it was positioned between the magnetic mirror and the ECR zone or 
directly inside the ECR zone, where the temperature of the finger tip 
reached was of the order of 550°C. In order to prevent the radioiodine 
condensing onto the quartz tube, the heating of the tube by the plasma 
had to be made more effective by reducing its diameter. The support gas 
was changed from xenon to hydrogen in order to reduce sputtering of 
atomic species onto the ceramic insulator and in order to improve the 
heating of the quartz tube. It was found that the hydrogen plasma was
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more effective in heating the quartz tube than the xenon plasma, as 
was observed by the increased extraction rate of radioiodine with the 
former. A  new extraction system improved the radioiodine ionization 
efficiency. This efficiency could be reproduced by depositing the 
radioiodine directly onto the inner quartz tube. The use of a quartz 
finger for the introduction of radioiodine into the ion source nearly 
doubled the radioiodine ionization efficiency.
From the experiments to date one can conclude that the low ionization 
efficiency measured with p-HISKA was due to the following reasons:
(1) The release of radioiodine inside the plasma volume occurred at a 
rate too fast to allow the radioiodine to become ionized and was 
thus pumped away, as shown by the radioiodine measured in the 
turbo pump. This could not be avoided as the heating of the finger 
tip took place due to plasma heating. Therefore, a possible way to 
improve the ionization efficiency of radioiodine would be to have 
a slow, controlled release of radioiodine into the plasma from an 
external oven.
(2) The pumping away of radioiodine could have been enhanced by 
hydrogen reacting with it to form hydrogen iodide. This can be 
avoided by the use of an inert gas which delivers a plasma almost 
as hot as that of hydrogen, e.g. helium.
(3) The inner quartz tube, despite its reduced diameter, was still too 
large to be effectively heated by the plasma.
(4) The extraction system was situated too far away from the plasma, 
which meant that the rate of neutralization of the radioiodine 
ions through charge exchange with protons would have been high. 
This could of course have been reduced by a low neutral gas 
pressure. Due to the special construction of the coils it was 
impossible to shorten the distance between the plasma and the 
plasma electrode.
The shortcomings in the design of p-HISKA, which led to a low 
ionization efficiency of radioiodine, made it necessary to develop 
a new ECR ion source with a high ionization efficiency.
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5.3 Ionization Efficiencies of the New ECR Ion Source
5.3.1 Description of the ECR Ion Source
The high efficiency prototype ECR ion source which has been developed 
in Karlsruhe is a compact, multiple-mirror machine operating in the 
continuous mode. It differs from most of the other ECR ion sources in 
operation, in that it is a single-stage machine, as the emphasis here 
is on high ionization efficiency instead of highly-charged ion 
production. The Karlsruhe ECR ion source is shown in great detail in 
Figure 5.11.
The microwave frequency used is 6.4 GHz, which corresponds to electron 
resonance at a magnetic field of 0.229 T. This frequency was chosen 
simply because it is in wide use for satellite communication and 
therefore available commercially. The ion source is driven by an MCL 
Inc. 3 kw, C-band microwave transmitter, with a typical maximum power 
input of about 1.5 kw. The microwave transmitter is situated about 
1 0  m from the ion source and is operated by remote control, which is 
necessary due to the lack of space near the ion source. The forward 
and reflected powerjs are measured by means of two 20 dB directional 
couplers and serve as a cross-check on the values displayed by the 
transmitter itself. The efficiency of the transfer of the microwaves 
from the transmitter to the ion source was measured to be greater than 
90%.
The minimum-B field configuration which produces the multiple magnetic
mirrors is created by the superposition of an axial field and a radial
hexapole field. The axial field is induced by two symmetrical sets of
four water-cooled copper solenoid coils. The conductors have a
2double-helix structure, with a 6 x 6 mm profile, embedded in epoxy
2resin and an inner profile of 4.5 x 4.5 mm for the water cooling.
Each set of coils consists of 18 turns of the conductor with a total 
thickness of 18.5 mm, a bore diameter of 160 mm and an outer diameter 
of 350 mm. The solenoid coils are powered in series by a 100 kw (67 V,  
1000 A) power supply, with a maximum power consumption of about 60 kw, 
which produces a magnetic field of 0.27T at the maxima. The flow rate 
of the water in order to cool the coils at a current of 600 A  is of 
the order of 10-20 1/min. The mirror ratio used for the efficiency
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measurements was 1.2. This can however be increased up to 2 by simply 
varying the distance between the two sets of coils. Each set of coils 
is sandwiched between two 15 mm thick aluminium plates provided with 
wheels at the bottom, which serve to support the whole of the ion 
source. Hence, the ion source, which rests on a set of tracks, can be 
moved back and forth along the beam line, thereby facilitating its 
dismantling and assembly.
The radial hexapole field is established by means of a compact
assembly of samarium-cobalt permanent magnets. Rare earth magnets are
noted for their high remanent flux density and extremely high
coercivity. The major advantage of such permanent magnet systems is
that they require no electrical energy for operation and hence there
is no additional heat to be dissipated. Figure 5.12 shows the cross
section of the hexapole with the radial field distribution as a
function of the radius. The hexapole, which has an inner diameter of
52 mm, consists of six parallelepiped SmCo,- bars with a cross section 
2of 17 x 33 mm and a length of 160 mm. The SmCo 5 magnets are enclosed 
in a 0.5 mm thick stainless steel casing and have a field strength of 
0,3 T on the pole faces. The hexapole system is.housed in an aluminium 
cylindrical multimode cavity, centred precisely about the beam axis 
between the two sets of mirror coils. A  multimode cavity (inner 
diameter: 132 mm, length: 160 mm) has been used in order to have as 
high a coupling efficiency as possible, as in this way  all the 
microwave modes can be coupled to the plasma. The criterion for 
obtaining a multimode cavity is to have its dimensions much larger 
than the wavelength of the microwaves (X - 47 mm). The cavity is 
insulated from the solenoid coils by means of two PVC cylinders, which 
have been tested for voltages upto 50 kV.
The waveguide used is for the 7 - 1 1  GHz range (WG15), instead of the
5.85 - 8.2 GHz type (WG14), as this is the standard size available at
the Karlsruhe Cyclotron and also because of its smaller size (inner
2cross section: 28.449 x 12.624 mm ) compared to that of the WG14
2waveguide (34,850 x 15.799 mm ). The smaller size of the WG15 waveguide 
was particularly useful in keeping the ion source as small as 
possible. Although the WG14 waveguide would have been more suitable 
for the 6.4 GHz frequency used, no significant losses of microwave 
power have been observed with the WG15 waveguide. The microwaves are
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Figure 5.12 : The cross section of the ECR ion source shows the
SmCOg permanent magnet mounted in the multimode cavity, 
with the radial field distribution of a single magnet 
bar shown below.
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injected radially into the plasma, between the hexapole bars, by means 
of an open-ended waveguide protruding about 1 cm into the cavity. The 
microwave transmitter (close to ground) is insulated from the ion 
source (high voltage) by means of a specially-designed insulator. The 
waveguide is connected by means of two choke flanges, which sandwich a 
3 mm thick quartz disc and are pushed together by means of two glass- 
fibre-strengthened plates. The choke flanges have X/4 grooves which 
prevent the leakage of microwaves from the sides.
The ion source was originally designed for the ionization of both
gaseous and solid materials. To avoid the condensation of the charge 
material on the plasma chamber walls it is necessary to maintain the 
walls at a sufficiently high temperature. This has been achieved by an 
assembly of two coaxial quartz tubes. An outer quartz tube of inner 
diameter 44 mm defines the vacuum of the ion source. It is 
vacuum-sealed at both ends by means of compressed rubber O-rings 
located in two flanges, which serve to centre it about the beam axis. 
The flange at the front end of the quartz tube has a removable plasma 
electrode built in. An inner quartz tube defines the plasma volume? 
this tube can be retracted in order to be able to replace it with one 
of a different diameter. A  quartz disc is attached to the plasma 
electrode on the plasma side with a 2 mm central hole for the 
extraction of the ion beam. In this way the whole of the plasma volume
is surrounded only by quartz, which serves to reduce the ion 
recombination rate since quartz has a surface recombination rate which 
is a factor 1 0 3 lower than for metals. The vacuum envelope between the
two quartz tubes is important in order to protect the rubber O-rings
from the high temperatures which can arise during plasma heating. The 
surface temperature of the inner quartz tube can reach several hundred 
degrees Celsius depending upon the level of microwave power fed into
the ion source. The cavity is air-cooled in order to dissipate the
microwave power which is not coupled to the plasma. Originally no air
cooling was provided, which resulted in the cavity overheating at high
microwave powers and melting of the PVC insulation which created a 
high voltage short circuit.
The entrance end of the inner quartz tube incorporates a heater coil 
capable of heating the front part of the quartz extension tube to
temperatures up to 1000°C, so that solid radioactive materials to be
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ionized can be vaporized into the ion source. The support gas is 
introduced into the ion source via a quartz capillary tube situated 
inside the extension tube, which is retractable in order to load it 
with radioactive source material via a vacuum interlock system.
The plasma volume is pumped through the plasma exit hole by means of a 
700 1/s diffusion pump situated beyond the extraction region, whereas, 
the space between the inner and outer quartz tubes is pumped through 
holes in the plasma electrode holder. As it is impossible to measure 
the pressure in the plasma volume due to lack of access, the pressure 
is measured in the first vacuum chamber using a Penning gauge, whose 
use is dictated due to the presence of strong stray axial magnetic 
fields. This is the only possibility of obtaining an approximate 
indication of the flow rate of the support gas flowing into the plasma 
v o l u m e .
The extraction system consists of a plasma electrode with a Pierce 
geometry (see section 2.3) and an exit hole diameter of 1 mm, and a 
moveable extraction electrode with a 3 mm diameter hole, which has an 
axial movement of 20 mm. The acceleration gap, which can be varied 
externally, has been determined to have an optimum value of 12 mm. The 
Pierce geometry of the plasma electrode, which is located at the 
second mirror maximum, is defined by an angle of 67.5° from the beam 
axis, which results in the extraction of a parallel ion beam between 
the plasma and extraction electrodes. A  third electrode located beyond 
the extraction electrode is available for focussing the beam, if 
necessary, into an einzel lens located 30 cm away. The einzel lens is 
used to focus the ion beam into the isotope separator. The extraction 
of the positive ions is achieved by charging the whole ion source 
(i.e., the cavity, the hexapole and the plasma electrode) to a 
potential of up to +40 kV with the extraction electrode earthed. The 
isotope separator (supplied by Bruker Physik, Karlsruhe) is a 
double-focussing 90° sector magnet with a mean radius of 50 cm. The 
pole faces are angled at 27° in order to achieve edge focussing. The 
mass dispersion for singly-charged ions of masses 123 and 124 at a 
distance of 1.5 m is about 10 mm. Figures 5.13a and 5.13b show the 
layout of the ECR ion source, the isotope separator and the vacuum 
system. The flow rates of gases introduced into the ion source are 
obtained by using commercially available calibrated leaks to define
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the flow rate for gases of interest. These leaks have an accuracy of 
± 1 0 % and are considered a better alternative to the measurement of 
flow rates, which has a much higher uncertainty. As the calibrated 
leaks are used to simulate the tiny amounts of radioactive material 
entering the ion source the leaks used are of the order of 1 0 - 5  
std. cc/s. However, these small amounts of gases are unable to 
initiate and sustain a plasma, which means that a support gas is 
necessary to support the plasma. The support gas therefore provides 
the majority of the cold electrons which are accelerated to high 
energies by the microwaves for the ionization of the test gas atoms. 
All the buffer gases, except for hydrogen, are introduced into the ion 
source by means of a controlled leak using a thermo-electric gas 
valve. Hydrogen is fed into the ion source by means of a palladium 
valve in order to filter out any air present in the hydrogen. It is 
particularly important to avoid air contamination when measuring the
Figure 5.14 : The Faraday cup used for measuring the ion currents 
compensated for the secondary electrons.
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ionization efficiency of nitrogen or oxygen using hydrogen as a 
support gas. Palladium is used for both hydrogen and helium as only 
these two gases are able to diffuse through it. A  gas distribution 
system makes it possible to use up to two support gases and two test 
gases simultaneously. The extracted test ion beam is mass separated 
before being focused into a Faraday cup in order to measure the 
current accurately. The Faraday cup (Figure 5.14) is designed to 
compensate the secondary electron current produced by the incoming ion 
beam by biasing the cup with a negative voltage. A  beam scanner 
connected to an oscilloscope, on which the mass spectrum is displayed, 
is situated just before the Faraday cup and is used to centre the 
desired ion beam into the cup.
5.3.2 Measurement Procedure
The ionization efficiency equation of test gas X for charge state 
i+ given in section 4 can be rewritten as follows:
i+ I(xi+)E (X ) - -----  T x 100%I(X°)
where T = transmission efficiency from the ion source to the Faraday 
cup. T has to be included in the ionization efficiency equation as an 
isotope separator was used to select the desired ion species. The 
value of T was found to lie between 80-95%, however, none of the 
ionization efficiencies were corrected for T as it was rather 
difficult to measure it accurately. The transmission efficiency was, 
for all intents and purposes, assumed to approach 1 0 0 % and therefore 
was not taken into consideration. Hence, the overall ionization 
efficiencies were in effect all higher than those presented here.
The adjustable parameters of the ion source available were:
1 . neutral support gas flow rate,
2 . microwave power,
3. axial mirror field,
4. inner quartz tube diameter,
5. mirror ratio,
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6 . extraction voltage,
7. plasma outlet diameter,
8 . extraction electrode hole diameter,
9. acceleration gap.
The flow rate of the support gas was used to vary the electron density 
and the microwave power to change the electron temperature and 
lifetime. With the mirror field it was possible to change the position 
and size of the ECR zone and hence the confinement of the electrons. 
The plasma volume was varied by using three different inner tube 
diameters: 15 mm, 30 mm and 33 mm. Parameters 5-9 were kept constant 
for all the efficiency measurements as it was not practical to vary 
them at all, except for the extraction voltage. The extraction voltage 
was kept constant at +40 kv in order to obtain a high resolution for 
separating the xenon isotopes. However, for the other test gases a 
lower extraction voltage would have been sufficient. The mirror ratio 
was set at a constant value of 1 .2 , which could have been increased by 
decreasing the gap between the two sets of solenoid coils. The plasma 
outlet was kept as small as possible ( 1  mm) in order to suppress the 
loss of the test gas in its neutral form. The diameter of the 
extraction electrode hole was also kept to a minimum (3 mm) in order 
to keep the diameter of the extracted beam as small as possible to 
avoid beam losses. Ideally, it would have been necessary to optimize 
the acceleration gap between the plasma and extraction electrodes for
each test gas, if not for each variation of parameters 1-4. An
extraction system which allowed the variation of the extraction gap 
was installed, but unfortunately turned out to be a failure as the 
extraction electrode got stuck in its holder due to overheating by ion 
bombardment from a divergent beam. This system was eventually 
abandoned for a constant acceleration gap. The ionization efficiency 
measurements were therefore not optimized for the acceleration gap, 
which was kept constant at 12.5 mm, a value which had been optimized 
for xenon only.
With the flow rate of the test gas known from the calibrated leak, the 
ionization efficiencies were determined by measuring the extracted and 
separated current of the test gas ions. The ion source was taken into
operation at least an 1 / 2  hour prior to the begin of each set of
efficiency measurements in order to obtain a stable plasma. The ion
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source was switched on by increasing the flow rate of the support gas 
and applying a high mirror field and then feeding the microwaves into 
the ion source. Occasionally, for some unknown reason the plasma could 
not be initiated without applying the high voltage. This could only be 
explained by assuming that tiny sparks in the extraction system 
produced free electrons necessary for plasma ignition, by ionizing the 
neutral gas present.
The ionization efficiencies were systematically measured as functions 
of parameters 1 and 2 , by respectively keeping the other one constant. 
Therefore, the only parameter effectively available for optimization 
was the mirror field. This parameter turned out to be very important 
as the extracted currents were very sensitive to it. Having set the 
desired values of the ion source, the singly-charged test ions were 
selected from the total extracted beam by the isotope separator and 
displayed as a mass spectrum on an oscilloscope by means of the beam 
scanner positioned in front of the Faraday cup. The beam scanner 
facilitated the precise positioning of the test ions into the Faraday 
cup by varying the isotope separator magnet current. The current of 
the test gas ions was measured by means of a nano-to-milliampere 
meter. At the same time the current on the diaphragm of the Faraday 
cup was also measured in order to ensure that it was zero, which was 
proof that the whole of the test ion beam hit only the Faraday cup. 
This was biased with a negative potential of about -100 V to ensure 
the accurate measurement of the test ion current by suppressing 
secondary electrons. Figure 5.15 shows the ion current measured in the 
Faraday cup as a function of the bias voltage. It can be seen that 
beyond -100 V  the ion current is constant, which implies that this is 
the threshold voltage for secondary electron emission in the Faraday 
cup used. By using the beam scanner and Faraday cup current displays, 
the test ion current was increased to a maximum by varying the mirror 
field, the einzel lens voltage and the isotope separator current. The 
test ion currents were noted down only when they were observed to be 
constant, a criterion which was used for all the ionization efficiency 
measurements.
Xenon was the first gas whose ionization efficiency was measured, 
which was due to the original motivation of separating 1-123 and 
1-124. Xenon was chosen as the test gas for the same reasons as those
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Bias v o l t a g e  C-V] 
Figure 5.15 : Faraday ion current vs. the bias voltage.
Figure 5.16 : A  natural xenon mass spectrum of the ECR ion source 
obtained with the isotope separator. The abundances 
agree with those given in Table 5.2.
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given in section 5.1. For the ionization of xenon, whose leak rate of -51.23 x 10 std. cc/s was supplied by a calibrated leak, four 
different support gases were used: hydrogen, helium, neon and krypton. 
Hydrogen was introduced into the ion source by permeation through a 
hollow spiral and the other three through a thermo-electric needle 
valve. The flow rates of the support gases were proportional to the 
voltages applied to both the palladium valve and the needle valve and 
are therefore given as volts, which however can only be considered as 
arbitrary units as the exact gas flow rate was difficult to determine.
The change in the flow rate of the support gas was observed by the
pressure variation in the first vacuum chamber, which was measured by
means of a Penning gauge. The base pressure in the first vacuum-7chamber, i.e. without a support gas was in the range of 1-5 x 10
mbar, which meant that small variations in the gas flow rate could be
easily detected. As a calibrated leak of natural xenon was used, all 
the naturally occurring isotopes of xenon were obtained in the mass 
spectrum. Table 5.2 lists the abundances of all the nine xenon 
isotopes which occur naturally. The ionization efficiency of xenon was 
measured using the Xe-134 peak as there was a difference of 2 amu with
its immediate neighbours, which ensured that that no
cross-contamination of neighbouring peaks occurred in the Faraday cup, 
despite the 1 0 mm mass dispersion measured in the 120-130 amu mass 
range. Figure 5.16 shows a typical natural xenon mass spectrum 
obtained for ion current as a function of the isotope separator 
current on an X-Y recorder.
For the measurement of the ionization efficiencies of carbon, 
nitrogen, oxygen and neon the xenon calibrated leak was recalibrated
Xenon- 124 126 128 129 130 131 132 134 136
Abundance
(%)
0 . 1 0.09 1.19 26.4 4.1 2 1 . 2 26.9 10.4 8.9
Table 5.2 : The isotopic abundance of natural xenon.
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Ele­
ment Molecular weight 
[ amu]
ionization potentials 
(1+, 2+, 3+) [eV]
Supportgases Molecular weight [ amu 3
ionization
potentials
(1+)lev]
Xe 131
12.1
21.2
32.1 h2
He
Ne
Kr
2
4
20
84
13.6 
24.9
21.6 
14.0
C 12 11.3 24.4
47.9 «2
2 13.6
Ne 20
21.6
41.0
63.5 «2
2 13.6
N 28 14.529.6
47.4 H2
2 13.6
0 32
13.6
35.1
54.9 H2
2 13.6
Table 5.3: Molecular weights and ionization potentials of the test 
gases and their respective support gases.
-5to produce leak rates of 10 std. cc/s for all the test gases (see 
5.3.2.2). As the aim was to produce the highest ionization efficiency 
for these four test gases, hydrogen was the only support gas used 
because it had already been demonstrated that hydrogen as a support 
gas produced the highest ionization efficiency for xenon. Table 5.3 
summarizes the data of the test gases and the support gases used for 
the measurements.
5.3.2.1 Correction factors for nitrogen and oxygen
In addition to the suppression of the secondary electrons in the 
Faraday cup, the currents of oxygen and nitrogen had to be 
additionally corrected because of the inherent presence of nitrogen
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Figure 5.17 : The mass spectra of nitrogen obtained before and 
after the isolation of the calibrated leak. The 
nitrogen current is significantly reduced without 
the calibrated leak.
and oxygen ions in the mass spectrum due to degassing of air from the 
inner quartz tube walls by plasma heating. The presence of nitrogen 
and oxygen ions could be observed even after long periods of ion 
source operation and unvented vacuum. By this means the ionization 
efficiencies of nitrogen and oxygen were found to be much higher than 
the real efficiencies. The correction factors for both nitrogen and 
oxygen were determined by measuring the ion currents with the 
respective calibrated leaks first connected to the ion source and then 
isolated from the ion source. This was carried out while observing the 
respective mass peak on the oscilloscope and was ended as soon as the
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Figure 5.18 : The correction factor for nitrogen due to degassing of 
air from the inner quartz tube cause by plasma heating.
ion current had reached a minimum constant value, which was usually 
after about a half-an-hour. Figure 5.17 shows the mass spectra of 
nitrogen obtained on the X-Y recorder before and after the isolation 
of the calibrated leak, it can be seen that there is a substantial 
drop in the nitrogen current with the calibrated leak isolated. This 
showed that the greater part of the ion current was due to the 
respective calibrated leaks. Figure 5.18 shows the correction factors 
determined for nitrogen which was taken into account while determining 
the ionization efficiencies of both these test gases. Similarly, the 
correction factor determined for oxygen was also taken into account 
for the oxygen ionization efficiencies.
5.3.2.2 Calibration of test leaks
The only test gas leak available was for xenon with a calibrated flow
- 5rate of 1.23 x 10 std. cc/s , (purchased from Vacuum Instruments
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Corp., USA). For the other test gases used (carbon monoxide, nitrogen, 
oxygen and neon) the xenon leak was refilled with the desired gas each
through a capillary tube in the laminar flow regime (Knudsen number, 
K « D/X > 110) is given by the Poiseuille equation [Rot82]:
T ■ gas temperature = 298 °K
M « molecular mass [amu]
a * molecular diameter [cm]
AP - Pj - P2 [bar]
P - (Pi + P 2)/2 [bar]
Pj - gas pressure inside leak vessel [bar]
P 2 ■ gas pressure inside vacuum vessel connected to leak [bar]
As P2 << P x, the leak rate equation can be rewritten as
Therefore the pressure required for obtaining a desired leak rate 
for a particular gas from a precalibrated leak is given by the 
following relation, which is only valid if the new gas is also 
in the laminar flow regime in the capillary tube of the leak vessel:
_5time to produce a leak of 10 std. cc/s. The leak rate of a gas
Q - 2.454 x 10~2 AP P std. cc/s
f i L j
where L = length of capillary tube [cm]
D » diameter of the capillary tube [cm]
- 2 0  2X - mean free path of gas molecules « 3.1 x 10 (T/a P) [cm]
- 2 1  k 2h « viscosity of gas « 2.71 x 10 (TM) v<r [poises]
- 2 P2 std. cc/sQ - 2.454 x 10
LhL,
where P = P
Q = leak rate (std. cc/s)
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c “ calibrated test gas « Xe 
n = new test gases - Ne, N2, CO & 02
Table 5.4 lists the pressures required for the other four test gases 
to obtain leak rates of 10"5 std. cc/s using the calibrated xenon 
leak. It can be seen that the Knudsen number for all the gases is 
greater than 110, i.e. the gases are all in the laminar flow regime, 
thereby qualifying them for recalibration using the existing xenon 
leak. The corresponding total equivalent currents for the test gases, 
i.e. for 100% ionization efficiency were calculated as follows:
F
Test
gas
molecular
weight
[antu]
a
[xl0~8 cm]
★h
@ 25°C
K - D/X P
[bar]
**Q
(xl0“5)
total equiv. 
current
Xe 131.3 4.87 225.9 483.9 30.0 1.23 48.5
Ne 20 2.55 322.9 142.8 32.3 1.00 39.4
N2 28 3.78 173.1 230.3 23.7 1.00 78.8 (N)
CO 28 3.79 172.2 230.5 23.6 1.00 39.4 (C & 0)
°2 32 3.65 198.5 230.1 25.4 1.00 78.8 (O)
Table 5.4: The corresponding pressures required for the test gases
-5in order to obtain a leak rate of 10 std. cc/s from 
the xenon calibrated leak are given. The molecular 
diameters were obtained from Roth [Rot82].
•fc [//poises ]Vt Vt [std. cc/s]
114
where F = flux of the test gas = QPVkT [atoms/s]a
Pa * atmospheric pressure [mbar]
— 1 9  3k « Boltzmann's constant = 1.38 x 10 mbar-cm /°K
5.3.2.3 Problems encountered
The most troublesome problem which occurred regularly at the beginning 
was sparking at different parts of the ion source due to the high 
voltage applied for extraction of the ion beam. Sparking was most 
frequently observed between the plasma and extraction electrodes, 
which was due to the sharp edges and points in the extraction region. 
The sparking resulted in system failures of at least one of the 
following: the microwave transmitter, the vacuum control system, the 
solenoid coils and isotope separator power supplies. In all the cases 
the original settings could be obtained more or less instantaneously, 
except for the solenoid coils power supply, which required several 
minutes before it could be switched on again. In the case of the 
microwave transmitter and the solenoid coils power supply, the system 
failures resulted in the loss of the plasma. Much time was spent in 
trying to reproduce the ion source conditions before the loss of the 
plasma. The sparking in the extraction region was reduced to tolerable 
levels by rounding off all the sharp edges and points and by 
installing a sputter shield, designed to prevent depositions of 
sputter material onto the insulator, which in turn prevented the 
gradual increase in the conduction of the insulator.
Initially the ion source was operated without cooling the microwave 
cavity. At high microwave powers of the order of about 1 kW, the PVC 
insulation between the microwave cavity and the solenoid coils melted 
gradually resulting in a complete high voltage breakdown. This 
required the dismantling of the ion source in order to replace the PVC 
insulation. By cooling the microwave cavity with a powerful air blower 
the re-occurrence of this problem could be prevented.
Also due to high microwave powers injected into the ion source the 
teflon insulation in the microwave guide high voltage isolator was 
carbonized, resulting in a high voltage breakdown. The problem was 
solved by replacing the teflon insulators with 3 mm thick quartz
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discs, which reduced the microwave power consumption of the ion source 
by half. This indicated that the power losses in teflon were very 
high compared to quartz.
5.3.3 Results and Discussion
The ionization efficiencies were measured as functions of :
(1) support gas flow rate
(2) microwave power
(3) mirror field
and are presented in these groups for all the test gases. The 
efficiencies were chosen on the basis of the highest values obtained 
and are assumed to have a maximum overall error of about +15%, 
consisting of ±10% from the calibrated test gas leaks and a ±5% 
reading error. As the overall error is assumed to be constant for all 
the test gases no error bars are shown on the efficiency plots.
5.3.3.1 Support gas flow rate
Figures 5.19a-d show the xenon ionization efficiencies plotted against 
the flow rates of krypton, neon, helium and hydrogen, respectively, 
with constant microwave power. In Figures 5.20a-f the ionization 
efficiencies of carbon, nitrogen, oxygen, neon are plotted as 
functions of the flow rate of hydrogen, which was the only support gas 
used for all of these four test gases, with the microwave power kept 
constant.
Pronounced maxima can be observed for all the ionization efficiency 
curves of the singly-charged test gas ions for the support gas flow 
rates. The flow rates where the efficiency maxima occur cannot be 
compared with each other as the flow rate units in volts are arbitrary 
due to the two different types of gas valves used (thermoelectric and 
palladium) and the fact that the flow rates were found not to be 
reproducible for the same voltage settings of both the valves.
The ionization efficiency curves for the support gas flow rates can be 
divided into three regions where the efficiency :
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Figure 5.19a : Xenon ionization efficiency vs. krypton flow rate
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Figure Ej.l9b ; xenon ionization efficiency vs. neon flow rate
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Figure 5.19c : Xenon ionization efficiency vs. helium flow rate
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Figure 5.19d : Xenon ionization efficiency vs. hydrogen flow rate
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Figure 5.20b : Nitrogen ionization efficiency vs. hydrogen flow rate
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Figure 5.20d : Neon ionization efficiency vs. hydrogen flow rate
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(1) increases, denoted by E(+)
(2) is at a maximum, denoted by E(m)
(3) decreases, denoted by E(-).
The rise of the ionization efficiencies of singly-charged test gas 
ions with increasing flow rates of the support gases can be explained 
by considering the main mechanisms of producing singly-charged ions in 
a plasma : ionization by hot and thermal electron bombardment of 
neutrals (equations 4.4 and 4.8) and neutralization of ions by charge 
exchange with neutral atoms (equation 4.9). As the flow rate of all 
the test gases (T) is negligible compared to that of the support gases 
(S) the production of T1+ ions by charge exchange of ^ons with
T° neutrals can be ignored. Therefore, the only significant sources of 
T+ ions through ion-neutral charge exchange are represented by the 
following reactions :
T2+ + S° --- > T+ + S+
Sj+ + T° —--► + T+
The fall of the ionization efficiencies beyond the maxima with
increasing flow rates of the support gases results from the loss of T+
ions. This can be explained by considering the main mechanisms by
which singly-charged ions are lost in a plasma : ionization to q»2+ by
hot and thermal electron bombardment of T+ ions and neutralization of
T+ ions by charge exchange with support gas neutrals. As the
2+ionization potentials of T ions are higher than for singly-charged 
ions (see Table 5.3) the loss of T+ ions by ionization to T2+ ions can 
be neglected. Therefore the major losses of T+ ions occur through 
neutralization by the support gas neutrals given by the following 
reaction :
T+ + S°  * T° + S+
Region of efficiency increase : E(+)
In this region below the efficiency maximum the electron density is 
much greater than the neutral density, which in this case can be
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considered as that of the support gas, i.e. > n(S ). The rate of 
production of T ions by electron impact ionization, according to 
equations 4.4 and 4.8, is only proportional to the electron density, 
as the electron energy, and hence the ionization cross section, remain 
unchanged due to the constant microwave power and also because the 
xenon neutral density is constant. The only major source of electrons 
is the production of support gas ions of all charge states. As the 
flow rate of the support gas increases, and hence its neutral 
density, more support gas ions are produced by electron impact 
ionization, thereby releasing thermal electrons at the same time.
A fraction of these thermal electrons, with energies in the range
10-20 eV, are then accelerated to much higher energies (100-1000 eV) 
by means of ECR heating so that they are considered as hot electrons. 
After equilibrium is reached there is a net increase in the densities 
of both hot and thermal electrons due to the increase in the flow rate 
of the support gas.
Of the two charge exchange reactions given above the second one
dominates as the density of support gas ions and test gas neutrals is
2+much higher than the T density. An increase in the support gas flow 
rate and hence its neutral density results in the increased production 
of support gas ions, which in turn undergo charge exchange with the 
test gas neutrals, thereby producing T* ions.
The ionization efficiency of T+ increases in the E(+) region because 
the rate of production of T+ ions by electron bombardment and charge 
exchange is greater than the loss of T+ ions by charge exchange, 
which results in a net increase in the density of T+ ions.
Region of efficiency decrease : E(-)
As the electron density cannot exceed the cut-off density (equation 
3.15), which is the limit for microwave penetration into the plasma, 
the production of T+ ions by electron bombardment also faces an upper 
limit. As the rate of production of T+ ions by electron bombardment 
remains constant at this limit and the rate of neutralization of T+ 
ions by charge exchange increases with the rise in the support gas 
flow rate, there is a net decrease in the production of rate of T+
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ions. Therefore, the ionization efficiency drops with increasing 
support gas flow rate in this region.
2+ 3+For the ionization efficiency curves of T and T ions the same
arguments apply as for T+ ions. They display more or less the same
shapes as the T+ curves, except for the T3+ curves being much flatter
than the T+ curves. The ionization efficiencies of T2+ and T3+ ions
generally lie about 10-20 and 100-200 times lower than those of T+
ions, respectively. This proves that this ECR ion source is not
suitable for the production of highly-charged ions, but yields a high
ionization efficiency for singly-charged ions. This indicates that the
8 —3n Tj value according to section 3.4 must be of the order of 10 cm s.
1 1 - 3Assuming an electron density of 10 cm (which is a realistic value
for an ECR ion source) the confinement time t .  of the ions would be of 
-3the order of 10 s. This is about an order of magnitude lower than 
the ion lifetimes required for the production of higher charge states.
5.3.3.2. Microwave power
The ionization efficiencies of xenon are plotted as functions of the 
microwave power for constant flow rates of the support gases, krypton, 
neon, helium and hydrogen in Figures 5.21a-d, respectively. In Figures 
5.22a-d the efficiencies of carbon, nitrogen, oxygen and neon are 
plotted as functions of the microwave power for constant flow rates of 
hydrogen. All the efficiency, curves, except for xenon with krypton and 
neon as support gases, display maxima. For xenon with krypton the 
curve shows only an increase in the 0.2-2.0 kw microwave power range, 
which implies that the efficiency maximum must be > 2.0 kW. For 
xenon with neon the microwave power range of 0.2-0,6 kw is apparently 
too narrow to obtain an efficiency maximum. Similar to the support 
gas flow rate the microwave power efficiency curves can also be 
divided into three regions : E(+), E(m) and E(-).
Region of efficiency increase : E( + )
The main mechanism of ion production in this case is hot and thermal 
electron bombardment of neutrals and ions (equations 4.4 and 4.9). The
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Figure 5.21a : Xenon ionization efficiency vs. microwave power 
for constant flow rate of krypton.
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Figure 5.21b : Xenon ionization efficiency vs. microwave power 
for constant flow rate of neon.
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Figure 5.22c : Oxygen ionization efficiency vs. microwave power 
for constant flow rate of hydrogen.
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Figure 5.22d : Neon ionization efficiency vs. microwave power 
for constant flow rate of hydrogen.
127
be neglected as it is assumed to be constant due to the constant
support gas flow rate. The electrons are heated by microwaves in a
stochastic process, as described in section 3.3. The hot electron 
henergy, Eq , according to equation 3.13 is proportional to E0, the
amplitude of the microwave electric field and hence the microwave
4* Itpower. The thermal electron energy, E0 is assumed to be constant, as 
they are ejected as secondary electrons from the ionization process.
As the electrons are assmued to be in thermal equilibrium and to have 
a Boltzmann energy distribution of f(E) the rate of ion production can 
be written as : v(E ) « J <*(E ) v(E ) n(E ) f(E ) dE . It can be© © © © S ©
seen that the microwave power has a strong influence on the ion
production rate as all the variables are dependent on the electron
energy. The increase in the electron density applies mainly to the
ththermal electrons (n (E )), which are produced by the ionization© © *
process. The hot electron density, n (E ), is assumed to remain
constant as the build up of the hot electron population occurs due to
the stochastic heating of the thermal electrons. This means that an
increase in the thermal electron density does not necessarily lead to
an increase in the hot electron density. Nevertheless, the total
electron density is limited by the cut-off density (ncut_0ff) f°r
microwave penetration into the plasma (equation 3.15). The velocity
term,- v(E0 ), in the equation for v(E0 ) is the electron energy
expressed in cm/s, so that the ion production rate is directly
proportional to the electron energy. The ionization cross section,
<j(Ee ), is shown as a function of the electron energy in Figure 2.1. It
can be seen that the cross section maxima occur at several times the
first ionization potential. The ion production rate and hence the
ionization efficiency only increase as long as E , a(E ) andth e e(E=) increase.© ©
Only singly-charged ions are produced by thermal electron bombardment
due to their low energies of 10-20 eV, which are below the second
ionization potentials of all the test gases under consideration (see
Table 5.3). For thermal electrons a(E ) remains constant so that the
t* honly parameter which influences the ion production rate is n Q(E_),© ©
which is limited by nCut-off* Therefore v(E0 ) is independent of the 
microwave power except for the increase in nt0(E0 ).
production o f ions by charge exchange of ions w ith  neutra l atoms can
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According to Figure 2.1 c(Ek ) increases dramatically below the
hmaximum with increasing hot electron energy. As ng(Ee ) is assumed to 
remain unchanged, the major contribution to the ion production rate is
U
due to the increasing value of and Eg itself. Ions of charge
state q>l+ are produced only by hot electron bombardment, which have 
energies enough to overcome the high ionization potentials of the 
higher charge states.
The highest charge state of the test ions observed was q-3+, despite 
the high microwave power of up to 2.0 kw injected into the ion source. 
The highest ionization efficiency measured was for singly-charged ions 
of all the test gases. This is the main difference of the Karlsruhe 
ECR ion source compared to all the other ECR ion sources built to
date, which are dedicated to the production of highly charged ions. In
maximumthat type of ECR ion source the charge-state-distribution^lies at 
q>>l+ due to very low neutral densities and very high hot electron 
energies. The explanation of the charge-state-distribution maximum of 
q=l+ is that the Karlsruhe ECR ion source has (1) a highly collisional 
plasma due to the high neutral density, which results in high losses 
of highly charged ions by charge exchange, (2) a relatively low hot 
electron energy which means that the production rates for singly- 
charged ions are high and low for ions of q>>l+ (3) the plasma vessel 
dimensions are relatively small so that the higher charge states 
cannot be produced efficiently. These factors therefore enhance the 
ionization efficiency of q-l+ ions.
In order to verify the assumption that the hot electron energy of the 
Karlsruhe ECR ion source is low despite the high microwave power 
injected into the plasma, the hot electron energy was measured as a 
function of the microwave power by means of a simple experiment. This 
was carried out by measuring the electron current flowing out of the 
plasma through the exit hole, without the extraction voltage switched 
on, by means of a Faraday cup with a fine wire mesh covering the 
entrance. The hot electron energy was obtained from the bias voltage 
applied to the wire mesh in order to stop the electrons down to zero 
energy, which was indicated by zero current on the Faraday cup. Figure 
5.23 shows the hot electron energy plotted as a function of the 
microwave power for different values of the mirror field. It must be 
stated here that the electron energies presented here are only the
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Figure 5.23 : The hot electron electron energy measured 
as a function of the microwave power.
maximum energies and that this simple experiment only served the 
purpose of estimating the electron energies. Nevertheless, it can be 
seen that the average hot electron energy increases with the microwave 
power and that the highest energy obtained was about 550 eV, which 
proves that the Karlsruhe ECR ion source is optimized for the 
production of singly-charged ions with a high ionization efficiency.
Region of efficiency decrease : E(-)
The decrease in the ionization efficiency is due to the drop in cr(Eg ) 
with increasing microwave power and hence with the hot electron, 
energy. As the efficiency of q=2+,3+ ions also decreases with 
increasing microwave power, it can be assumed that the loss of the 
q=l+ ionization does not result from the further ionization to 
q=2+,3+. The plausible explanation for the loss of the ionization
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Figure 5.24 : Xenon ionization efficiency vs. mirror field current 
for different flow rates of krypton. t
efficiency is that when the microwave power increases the high 
electron energies result in an increase in the desorption of the 
residual gases trapped on the surface of the inner quartz tube, 
resulting in the rise of the neutral density. This leads to an 
increase in the rate of charge exchange of the ions and neutrals and 
therefore in the loss of ion production rate.
5.3.3.3 Mirror field
In Figure 5.24 the Xe+ ionization efficiencies are plotted against the
mirror field current for different krypton flow rates by keeping the
microwave power constant. Figure 5.25a presents the values of mirror
field minimum and maximum plotted against the mirror field current
with the occurence of the ECR zone indicated by the shaded area, where
Bm . < b (=0.23 T) < The ECR zone for the geometry of them m  - ecr ~ max v J
Karlsruhe ECR ion source occurs between 550 and 650 Amperes of mirror 
field current. However, the ionization efficiency is highest at field, 
currents below 350 A for all the curves. This means that the main
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Figure 5.25a
Mirror field current CRD
The occurance of the ECR zone as a function 
of the mirror field current.
0■—i
o
.c
X
©
e
o
c_
C*-
-P
w
550 600 650
M ir r o r  f i e l d  c u r r e n t  Cfl]
Figure 5.25b : The position of the ECR zone as a function 
of the mirror field current.
mode of operation of the ECR ion source is in the upper hybrid 
resonance, which occurs at magnetic fields lower than required for 
normal ECR. The secondary efficiency peak at 550 A is due to the fact 
that the ECR zone is at its widest at this current and therefore the
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closest to the extraction hole as shown in Figure 5.25b. This 
therefore means that the ion losses through charge exchange are the 
lowest at this field current. Below 550 A, where normal ECR does not 
occur, the ionization efficiency is inversely proportional to the 
field current. The ionization efficiencies were measured down to 
lowest possible field currents before the plasma extinguished.
Figure 5.26 presents the hot electron energy measured as a function of 
the mirror field current. It can be seen that there are strong 
similarities between the efficiency and electron energy curves. The 
efficiency maximum at 550 A can be compared to the electron energy 
maximum at 600 A, although the parameters were different for both sets 
of measurements. According to Figure 5.26 the hot electrons are most 
effectively heated in the upper hybrid resonance mode.
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Figure 5.26 : The hot electron e n e r g y  m e a s u r e d  
as a function of the mirror field.
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Test gases 
(support gases)
1+ 2+ 3+
Carbon (H2) 10% 0.79% 0.01%
Nitrogen (H2 ) 26% 1.70% 0.03%
Oxygen (H2) 53% 2.70% 0.07%
Neon (H2) 31% 1.50% 0.05%
Xenon (H2) 83% 10.0% cJP CO • o
Xenon (He) 55% 7.1% 0.22%
Xenon (Ne) 39% 2.1% -
Xenon (Kr) 43% - --
Table 5.5 : The maximum ionization efficiencies of the test gases.
5.3.3.4 Test and support gases
The maximum ionization efficiencies measured for the test gases are 
listed in Table 5.5 for q-l+,2+ and 3+. Of the four support gases used 
for xenon, the highest ionization efficiency was obtained by using 
hydrogen as the support gas (83%), followed by helium (55%), krypton 
(43%) and neon (39%). The difference between the last two efficiency 
values is within the experimental error of ±15%, so that they can be 
assumed to be about the same. The ionization efficiency displays an 
inverse proportionality to the mass of the support gas. This can only 
be explained by the so-called transfer ionization process, which is 
the production of a test gas ion by means of the charge exchange of a 
test gas neutral with a support gas ion. According to Drentje [Dre85] 
the charge state distribution of an ion source can be improved by this
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process by using a lighter gas, which means that the ionization 
efficiency is also dependent upon the mass of the support gas. 
Therefore, the lighter the support gas the higher is the ionization 
efficiency of the test gas, which fits with the ionization efficiency 
results obtained for xenon. The transfer ionization process is 
supposed to have high cross sections at low energies. The efficiencies 
for xenon appear to be independent of the ionization potentials of the 
support gases.
The ionization efficiencies of the other test gases were all measured 
with hydrogen as the support gas because of the high ionization 
efficiency achieved for xenon with hydrogen. The highest ionization 
efficiency of all test gases was obtained for xenon (83%), followed by 
oxygen (53%), neon (31%), nitrogen (26%) and carbon (10%). The 
ionization efficiencies of these test gases can be explained by 
considering the lifetimes of the neutral support gas molecules in the 
plasma volume, i.e. for natural xenon (mass: 131.1 amu), 02 (32), Ne 
(20), N2 (28) and CO (28). The lifetime of a neutral molecule inside
the plasma volume before it escapes through the exit hole is given by:
dn . A 1/2
t ■ --- = 1.375 x 10 r --- (M/T) (seconds)
Aex
= diameter of the inner quartz tube [cm] = 3.3 cm * 2r
= average distance travelled between wall collisions,
- number of wall collisions a neutral molecule makes before
escaping from the quartz tube * A e/Aov * 39600s ex a
« surface area of the inner quartz tube « 311 cm ,
2* area of the exit hole « 0.0079 cm (diameter * 0.1 cm),
» average thermal velocity of the neutral molecule 
» 1.455 x 104 (T/M)1/2,
= molecular weight of neutral gas [amu], and
» wall temperature * 300°K
The lifetimes of the neutral support gas molecules inside the inner
quartz tube are calculated to be : Xe (5.9 s), 02 (2.9 s), Ne (2.3 s), 
N2 and CO (2.74 s). It can therefore be seen that xenon molecules stay 
on average the longest inside the plasma volume, which increases their
where d
nw
ex
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probability of ionization by electron bombardment or by charge 
exchange with support gas ions. The long neutral molecule lifetimes 
are solely dependent upon the high number of wall collisions that the 
molecules undergo with the walls, which is due to the very small exit 
hole and a relatively large surface area of the plasma volume.
Footnote
The o n - l in e  io n iz a t io n  e f f i c i e n c i e s  of some ra d io iso to p e s  of carbon, 
n itro g e n  and neon, measured by Ravn [Rav85] at ISOLDE (CERN) u sin g  a 
FEBIAD ion source, are presented in  Table 5 .6.  In  a d d it io n ,  the FEBIAD 
o f f - l i n e  io n iz a t io n  e f f i c i e n c i e s  of neon and xenon measured by Ravn and 
K irch n e r (GSI, Darmstadt) [ K ir 8 1 ] ,  r e s p e c t iv e ly ,  are a ls o  g iven . A l l  
these i o n iz a t io n  e f f i c i e n c i e s  r e f e r  to s in g ly -c h a rg e d  ions only, as no 
mention of the e f f i c i e n c i e s  of 2+ and 3+ ions has been found in  
l i t e r a t u r e .  According to K irch n e r [ K ir 8 9 ] ,  the o n - l in e  io n iz a t io n  
e f f i c i e n c i e s  fo r  C and N are in  e f f e c t  the sep a ratio n  e f f i c i e n c i e s ,  as 
these l i g h t  gases re a ct  very  e a s i l y  with the hot tantalum w a l ls  o f  the 
feed l i n e  between the ta rg e t  and the ion source. The tra n sp o rt  
e f f i c i e n c i e s  of these elements to the ion source i s  th e re fo re  v e ry  low.
Radioisotopes
/Elements
C-10
C - l l
N-13
N-16
Ne-19
Ne-24
Neon Xenon
FEBIAD 
ion source
ON-LINE OFF-LINE
0.23% 0.01% 0.7%
1.0%
1.9% 48%
E f f i c i e n c y  
R a t i o s ; 
KA-ECR/FEBIAD
43.5 2600 44.3
31.0
16.3 1.7
Table 5.6; The io n iz a t io n  e f f i c i e n c i e s  of C, N, Ne and Xe 
( KA-ECR = K a rlsru h e ECR ion s o u rc e ).
The o f f - l i n e  io n iz a t io n  e f f i c i e n c i e s  of neon and xenon can be compared 
d i r e c t l y  as they have been measured u sin g  the same types of c a l i b r a t e d  
gas le a k s  as in  K a rlsru h e .  In these two cases the KA-ECR ion source has 
i o n iz a t io n  e f f i c i e n c i e s  higher by f a c t o r s  of 16.3 and 1 .7 ,  r e s p e c t i v e l y .  
As f o r  the o n - l in e  measurements of the l i g h t  elements, the f a c t o r s  range 
from 31 to 2600; these e f f i c i e n c i e s  have higher u n c e r t a i n t ie s  compared 
to the o f f - l i n e  ones as the re a c tio n  production ra te s are obtained by 
u sin g  estimated or c a lc u la t e d  re a c t io n  c ro s s  s e c t io n s .  In  a d d it io n ,  the 
i o n iz a t io n  e f f i c i e n c i e s  of C and N were obtained with o p tim iz a tio n  f o r  
neon [ Rav89].
N e v e rth e le ss,  t h i s  s t i l l  demonstrates that the KA-ECR ion source has the 
h ig h e st  io n iz a t io n  e f f i c i e n c i e s  reported so f a r  fo r  both l i g h t  and heavy 
elements. F i n a l l y ,  i t  must be pointed out that none of the KA-ECR 
e f f i c i e n c i e s  have been co rre c te d  fo r  the separato r tra n sm issio n  
e f f i c i e n c y  (<100%), which im p lie s  that the io n iz a t io n  e f f i c i e n c i e s  in  
r e a l i t y  must be higher than those presented in  t h i s  t h e s i s .
Because of i t s  high io n iz a t io n  e f f i c i e n c y ,  two exact co pies  o f  the 
KA-ECR ion source have been b u i l t  at ISOLDE [Rav89] and TRIUMF 
(Vancouver) [Dau89]. The TRIUMF ECR ion source w i l l  be tested  with the 
o n - l in e  isotope separato r in  summer 1989, which w i l l  e v e n t u a lly  be used 
f o r  the proposed p o s t - a c c e le r a t o r .
Additional References
Rav89 J .  D 'A u ria ,  Simon F ra se r U n iv .,  Vancouver, p r i v .  comm., 1989. 
K ir89 R. K irch n e r,  GSI, Darmstadt, p r i v .  comm., 1989.
Rav89 H. Ravn, ISOLDE, CERN, Geneva, p r i v .  comm., 1989.
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CHAPTER 6. CONCLUSION
The ionization efficiency of xenon obtained with the modified ECR ion 
source p-HISKA displayed a strong dependence on the flow rate of xenon 
into the ion source. The ionization efficiency was found to be 
inversely proportional to the gas flow rate. As no support gas was 
used the flow rate of xenon influenced the xenon ionization efficiency 
in two ways : (1) charge exchange and (2) loss of neutral gas atoms 
from the plasma volume. At a low flow rate and hence a low gas 
pressure in the plasma volume the dominant process is ionization by 
electron bombardment. At higher gas pressures inside the plasma volume 
charge exchange of ions with neutral atoms dominates which suppresses 
the ionization efficiency. The other important factor which reduces 
the ionization efficiency is the loss of gas atoms from the plasma 
volume in the neutral state. This depends not only upon the gas 
pressure, but also upon the dimensions of the plasma volume and the 
plasma electrode aperture. The ionization efficiency for a single gas 
without a support gas can therefore be enhanced, assuming that all the 
parameters except the flow rate are kept constant, by reducing the 
flow rate to a minimum which allows the maintenance of the plasma 
discharge.
The maximum ionization efficiency of radioiodine was measured to be 
about 8% using the modified p-HISKA, which was achieved by using 
hydrogen as the support gas instead of xenon as originally intended. 
Hydrogen was found to deliver the highest ionization efficiency for 
radioiodine, which was due to the fact that the hydrogen plasma was 
more effective in heating the quartz tube resulting in a higher 
release rate of the radioiodine from the walls of the quartz tube. The 
ionization efficiency of radioiodine could also be increased by using 
a coaxial set of tubes instead of a single tube, which resulted in 
efficient heating of the walls. The overall low ionization efficiency 
for radioiodine could be attributed mainly to the radioiodine release 
rate inside the plasma volume being too high, which resulted in the 
radioiodine being pumped away in the neutral state.
The highest ionization efficiency for the gases (C, N, 0, Ne and Xe)
was also obtained using hydrogen as a support gas. The ionization
efficiency in all these cases could be enhanced by increasing the
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flow rate of hydrogen up to a certain value until a maximum was 
reached. In this regime the ionization by electron bombardment was 
thought to be the dominant process resulting in a net increase of the 
ion density. Beyond the maximum the increase in the flow rate resulted 
in a drop in ionization efficiency, which was probably due to the 
charge exchange process dominating inside the plasma. Similarly the 
ionization efficiency showed a strong dependence upon the microwave 
power upto a maximum value, beyond which the efficiency dropped. The 
the ionization efficiency was also optimized by means of the mirror 
field, and it was observed that the maximum ionization efficiency was 
obtained with the mirror maximum below the resonance field of 0.229 T. 
This indicated that the ECR ion source operated efficiently in the 
upper hybrid resonance region, which occurs at fields below the 
resonance field. The ECR ion source displayed the important 
characteristic that it is dedicated to the production of mainly 
singly-charged ions. This is important for applications where 
singly-charged ions are required, e.g. for isotope separation, as the 
production of higher charged ions is in effect a reduction in the 
number of singly-charged ions. The highest ionization efficiency was 
obtained for xenon, which could be attributed to its higher mass 
compared to the other gases. The lifetime of the neutral atom inside 
the plasma volume is dependent upon the atomic mass, which means that 
a heavy atom such as xenon would have a greater probability of 
interaction with the electrons than the lighter gases.
6.1 Comparison of experimental and ECREFF code results
The ECREFF code was used to calculate the ionization efficiency of
nitrogen as a function of the hydrogen flow rate (Figure 7.1) and as a
function of the hot electron energy (Figure 7.2). The output of the
ECREFF code for the nitrogen ionization efficiency calculation is
given in Appendix II. The calculated ionization efficiencies, except
those of q=l+ and 2+ ions, commence at zero with the flow rate in the 
—810 std. cc/s range and increase initially as a function of the 
hydrogen flow rate and reach a plateau. The ionization efficiency of 
q=l+ ions displays a high efficiency at very low hydrogen flow rates. 
This is not in agreement with the ionization efficiencies measured, 
which show that at very l o w  flow rates the ionization efficiency
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Figure 6.1 : Nitrogen ionization efficiency vs. hydrogen flow rate 
calculated using the computer code ECREFF.
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Figure 6.2 : Nitrogen ionization efficiency vs. electron energy 
calculated using the computer code ECREFF.
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drops to zero due to the starvation of the plasma because of the low 
neutral density, i.e. the plasma extinguishes. The ionization 
efficiencies of q=l+,2+ and 3+ ions do not drop down to zero at high 
support gas flow rates, which is in complete disagreement with the 
measured values. This demonstrates that the ionization efficiency of 
the test gas decreases beyond the maximum with increasing support gas 
f l o w  r a t e  a n d  t h a t  t h e  n e u t r a l i z a t i o n  p r o c e s s  d o m i n a t e s  l e a d i n g  t o  t h e  
l o s s  o f  t h e  t e s t  g a s  i o n s .
The ionization efficiency of q=l+ ions calculated as a function of the 
hot electron energy is a complete inverse of the measured values, i.e. 
a minimum is obtained instead of maximum. On the other hand, the 
calculated ionization efficiencies of q=2+ and 3+ are in better 
agreement with the experimental data, although they were measured as a 
function of the microwave power. The discrepancy of the q»l+ 
ionization efficiencies can be explained by the fact that the thermal 
electron density in the code ECREFF is not determined self- 
consistently, i.e taking into account the dependence of the thermal 
electron density upon the hot electron energy. As the ionization cross 
section is proportional to the electron energy at low energies, the
rate of ionization also increases, which results in an increase in the
ethermal elytron density due to the emission of secondary electrons.
This increase in the thermal electron density also contributes to the 
rate of ionization and hence the ionization efficiency. It is this 
contribution to the ionization efficiency which is not taken into 
account by the code ECREFF, which results in the discrepancy in the 
shape of the q«l+ ionization efficiency curve. As for q*2+ and 3+ ions 
this contribution to the ionization efficiency does not play any role 
at all as their ionization potentials are higher than the energies of 
the secondary electrons released by the ionization process.
It was not possible to calculate the ionization efficiency of xenon as 
the Lotz coeffients were not available for it. Using the default 
values of the Lotz coefficients suggested by West [Wes82] it was found 
that there was practically no variation in the ionization efficiency 
of xenon for both the support gas flow rate and the hot electron 
energy. This was probably due to the single default value used for the 
Lotz coefficients, which are necessary for the calculation of the rate 
of ionization by hot and thermal electron bombardment.
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The absolute values of the maximum ionization efficiencies calculated 
with the code ECREFF also do not agree with the measured values as the 
thermal electron density is not calculated self-consistently. As 
experimental data is not available it is necessary to use arbitrary 
values of the hot and thermal densities for the calculation. 
Nevertheless it was possible to predict the ratios of the ionization 
efficiencies of q-l+, 2+ and 3+ ions. The code ECREFF does, however, 
demonstrate that the Karlsruhe ECR ion source produces mainly singly- 
charged ions, which is in complete agreement with the experimental 
data.
6.2 Suggestions for further work
The main reason for the relatively low ionization efficiency obtained 
for radioiodine was thought to be due to the uncontrolled release of 
radioiodine from the cold finger. It would be of interest to 
investigate whether this assumption is true or not by controlling the 
rate of release of radioiodine into the plasma volume by means of an 
external oven. A further enhancement of the radioiodine ionization 
efficiency could be achieved (1) by using a lighter inert support gas, 
such as helium, which would eliminate the production of iodides, as 
with hydrogen, (2) by reducing the diameter of the inner quartz tube 
in order to improve the heating of the walls even further so that the 
condensation of radioiodine can be eliminated.
For the ionization efficiencies of the gases (C, N, 0, Ne and Xe) it 
is useful to have a model which predicts the absolute ionization 
efficiencies to aid the design of an ECR ion source for a specific 
purpose, i.e. the production of highly-charged ions or the efficient 
production of singly-charged ions. In order to obtain this model it 
would be necessary to modify the code ECREFF so that the thermal 
elActron density can be determined self-consistently, i.e. taking into 
account the production of secondary electrons by the ionization 
process. Failing this it would then be necessary to make extensive use 
of experimental data to obtain the thermal electron density as a 
function of the hot electron energy. In addition, it would also be 
necessary to obtain the hot electron density as a function of the 
microwave power for a particular ion source geometry.
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6.3 Further Applications of the ECR Ion Source
6.3.1 Industrial
Surface wear measurements of machine parts can be carried out by 
nuclear activation of surface atoms using accelerated charged 
particles, e.g. protons and alpha particles. The long-lived 
radionuclides produced at a depth of a few pm are used for the wear 
measurement by operating the mechanical part in its original 
environment. The loss of activity, which is measured before and after 
the operation of the part, leads to determination of the surface wear. 
This method is very precise and saves the car industry, which is the 
main customer, valuable time in the development of new car engines.
The limitation of this method, however, is that only materials which 
produce long-lived radionuclides can be used. Therefore, this method 
cannot be applied to metals such as aluminium and copper, as they do 
not produce any long-lived radionuclides via proton- or alpha- 
particle-bombardment. The same applies to ceramics such as aluminium 
oxide, silicon carbide and silicon nitride. Ceramics have gained 
immense importance as substances which could revolutionize the world 
by replacing metals in everyday use. Ceramics are defined by industry 
today as all hard, inorganic, non-metallic substances, which are 
manufactured or strengthened at high temperatures. The advantages of 
ceramics compared to metals are:
- they can withstand higher temperaures;
- they are excellent thermal insulators;
- they are harder than steel and nearly as hard as diamond,
which today is also considered as a ceramic;
- they have an extremely high inherent stability;
- they are lighter than metals and
- their raw products are cheap and available universally.
The disadvantages of ceramics, however, have prevented their universal 
use so far:
- they are sensitive to temperature shocks and crack when 
suddenly cooled;
- they are brittle, i.e. they splinter when hit hard or bent;
- they are very hard to couple with metals and
- their machining is very expensive.
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Nevertheless, research is being carried out to eliminate these 
disadvantages. Prototype car engines and rotors of turbines and jet 
engines have already been manufactured out of ceramics. All these new 
developments require a method of surface wear measurement of ceramics, 
which cannot be determined by the "conventional" activation technique 
described above. Instead of producing a long-lived radionuclide in the 
test material another possibility to measure the surface wear is by 
the implantion of a long-lived radionuclide. As the radionuclide has 
to be post-accelerated it should be as light as possible, which limits 
the choice to only two long-lived radionuclides: beryllium-7 (53.3 d) 
and sodium-22 (2.6 y), The ECR ion source would be used for the 
ionization of either Be-7 or Na-22 and because of their very low 
vapour pressures the ion source will have to be designed for high 
temperatures, which introduces additional complications. Wall 
temperatures above 1000°C are required in order to prevent the 
condensation of the such materials.
6.3.2 Astrophysics
2By the bombardment of thick targets (up to 200 g/cm ) with 600-MeV
protons it is possible to produce a wide range of both neutron
deficient and neutron rich radionuclides via the spallation,
fragmentation and fission processes. For the conversion of the
reaction products into secondary ion beams the radionuclides have to
be ionized in an ion source before being mass selected by an on-line
isotope separator. At the CERN on-line nuclide separator "ISOLDE"
secondary ion beams can be produced with intensities of up to 3% of
7 9the primary proton beam or 10 -10 atoms/s//A for the region 2<Z<21. At 
TRIUMF (Vancouver) an intense radioactive beams facility has been 
proposed making use of the 500-MeV protons provided by the 6-sector 
isochronous cyclotron. This facility would be similar to ISOLDE except 
for the post-acceleration of the secondary radioactive ion beams with
an energy range of 0.2-1.5 MeV/amu. With a primary proton current of
c 1 2up to 150 //A a secondary beam intensity range of 10 -10 ions/s is 
planned for a mass limit of up to A=60. As the yields of the 
production processes are relatively low it is very important that the 
ionization efficiency of the ion source is high. Therefore an ECR ion 
source has been proposed as one of the ion sources for this facility
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because of its high ionization efficiency. However, the ionization 
efficiency of the ECR ion source is not high for all of the elements 
up to A*60 because of complications encountered due to the various 
physico-chemical properties. For example, as mentioned above, the very 
low vapour pressure of beryllium makes it imperative for the ECR ion 
source to be able to operate at high temperatures, in the range of at 
least 1000°C, otherwise the ionization efficiency would suffer due 
to wall losses of the neutrals through condensation. Therefore, a high 
ionization efficiency cannot be expected for low vapour-pressure 
elements using the existing ECR ion source developed in Karlsruhe.
Also the alkali metals Li, Na and K are ionized efficiently (E>50%) by 
means of positive surface ionization sources. However, the ionization 
efficiency of the ECR ion source in its existing state has been shown 
to be greater than 30% for nitrogen, oxygen and neon, which probably
also applies to helium and argon.
The major application of such accelerated radioactive beams would be to 
measure the reaction rates of simple nucleosynthesis reactions 
occurring in stars, which are thought to be the energy source of the 
stars. As these reactions involve short-lived reactants it is almost 
impossible to carry out the reaction rate measurements using the 
presently available accelerator facilities. Hence, the proposal for a 
new accelerated radioactive beams facility at TRIUMF. "Hydrogen 
burning" in stars is carried out through the (p,r) and (p,a) 
reactions, while the ( <x ,y )  and (a,p) reactions represent "helium 
burning". Synthesis of nuclear matter up to A*100 can occur via 
complicated reaction networks involving many (p ,y ) reactions and 
|3+ decays. Examples of the reactions of initial astrophysical
interest and the reactant properties are listed below:
Reaction Half-life Characteristic
of reactant emission of reactant
N-13(p,y )0-14 9.96 m e+ (1.2 MeV), ann. quanta
0-15(a,Y)Ne-19 2.03 m (3+ (1.7 MeV), ann. quanta
F-18(p,a)0-15 109.8 m 3+ (0.63 MeV), ann. quanta
F-18(p,Y)Ne-18
Ne-19(p,Y)Na-20 17.2 s <3+ (2.21 MeV), ann. quanta
N-13(p,y )0-14 22.5 s 13+ (2.52 MeV), ann. quanta
350 keV Y - r a y
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It should be noted that this is not an exhaustive list as there are 
other reactions of equal importance and interest? however these 
reactions represent the starting point for the reaction cross-section 
measurements.
6.3.3 Miscellaneous
Some other applications of accelerated radioactive beams are:
- production of very neutron-rich radionuclides by fusion 
reactions;
- reactions involving nuclei in isomeric states?
- Coulomb excitation of accelerated radioactive projectiles to 
determine the properties of the projectiles themselves?
- fusion of neutron-rich projectile/target combinations to search 
for super-heavy elements, in case of provision of higher energies 
(5 MeV/amu)?
- migration of radioactive tracers implanted at specific depths in 
a material as a function of chemical erosion, mechanical wear, 
sputtering, thermal teatment, etc.;
- deep implantation of radioactive ions for the study of simulated 
radiation damage, for materials processing, for modification of 
electrical properties.
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APPENDIX I
**************************************************************  
* *
* CALCULATION OF IONIZATION EFFICIENCIES *
* *
* OF *
* *
* ECR ION SOURCES *
* *
**************************************************************  
**************************************************************  
* *
* ECR__EFF. FOR *
* ___________ *
* *
* Programmed by : Shaheen Sheikh  *
* *
**************************************************************  
**************************************************************  
* *
* The program uses <AT*. EFF> d a ta  f i l e s  f o r  in p u t  o f  *
* the atomic p h y s ic s  d a t a .  <AT*DE.FOR> i s  run f i r s t  *
* to c r e a t e  a d a ta  f i l e  f o r  the p a r t i c u l a r  element *
* ( e . g .  f o r  Argon the d a ta  f i l e  i s  < A T a rgo n .E F F > ). *
* The d ata i s  always m a in ta in e d  in  <AT*DE.FOR> f i l e s .  *
* *
* The program uses <PL*.EFF> d ata f i l e s  f o r  in p u t o f  *
* the plasma d a ta .  <PL*DE.FOR> i s  run f i r s t  to c r e a t e  *
* a data f i l e  f o r  the r e g u ir e d  plasma d ata ( e . g .  f o r  *
* "norm al" d ata the d ata f i l e  i s  < P L n o rm a l.E F F > ). *
* The d ata i s  always m ain tain ed  in  <PL*DE.FOR> f i l e s .  *
* *
* The <PL*. EFF> and <AT*.EFF> d ata f i l e s  a re  *
* independent o f  each o t h e r ,  except f o r  "NUMGAS". *
* *
********************************************************************  
* *
* 
*
* G lo s s a r y  :
*
* K
* AMASS(K)
* IZMAX(K)
* DIAM
* LENGPL
* VOLUM
* VF
* SF
* DENSION(K,
* DENSEH
* DENSET
* DENSNPL(K)
* DENSNOP(K)
* ENION(K)
* ENELECH
* ENELECT
* FGAS(K)
*
* FIONEU(K)
*
* FECHNE(K)
*
* RNEUD(K)
*
* FCOLEEH
* FCOLEIH
* FCOLENH
I )
Gas number *
Io n  ch arg e s t a t e  *
S u b - s h e l l  number *
Io n  mass i n  atom ic mass u n i t s  *
N u c le a r  Z (p ro t o n  number) *
Diameter o f  plasma *
Length o f  plasma, m i r r o r - t o - m i r r o r  d i s t a n c e  * 
E f f e c t i v e  plasma volume *
Volume f a c t o r  ( d e f a u l t = 2 . 7 9 )  *
Area f a c t o r  ( d e f a u l t = 2 . 7 9 )  *
Io n  d e n s it y  o f  ch arg e i  or Z i *
Hot e l e c t r o n  d e n s it y  *
Thermal e l e c t r o n  d e n s it y  *
N e u t r a l  d e n s it y  i n  plasma *
N e u t r a l  d e n s it y  o u t s id e  o f  plasma *
Io n  tem perature *
Hot e l e c t r o n  tem perature *
Thermal e l e c t r o n  temperature *
Rate o f  l o s s  o f  n e u t r a l s  from plasma due to * 
therm al v e l o c i t y  *
Rate o f  l o s s  o f  n e u t r a l s  in  plasma from *
e l e c t r o n  impact i o n i z a t i o n  *
Rate o f  l o s s  o f  n e u t r a l s  in  plasma through *
ch a rg e exchange *
R a t io  o f  n e u t r a l  d e n s i t i e s  i n s i d e  and o u t s id e  * 
o f the plasma *
Hot e l e c t r o n - e l e c t r o n  c o l l i s i o n  r a t e  *
Hot e l e c t r o n - i o n  c o l l i s i o n  r a t e  *
Hot e l e c t r o n - n e u t r a l  c o l l i s i o n  r a t e  *
C * SECHVI( K, I , KK, 1 1 )  s N e u t r a l - i o n  charge exchange *
C * RADR(K, I , ENELECT) : Thermal e l e c t r o n - i o n  *
C * r a d i a t i v e  re co m b ina tio n *
C * E X I(X ) : e x p ( x ) . E l ( x )  *
C * CLAUSING(LENGTH,RADIUS) : T ra n sm iss io n  p r o b a b i l i t y  *
C * in  tubes *
C * *
C ********************************************************************
program ecr__eff
common p o t i o ( 2 , 9 9 ) , d e n s io n ( 2 , 9 9 ) , e n io n ( 2 )  
common d e n s e h , d e n s e t , d e n s n p l(2 )
common izm a x (2 ) , amass( 2 ) , g , t f ( 2 ) , s z r a p ( 2 ) , s s z ra p  
common t o c o n i ( 2 , 9 9 )
common p ( 2 , 9 9 , 4 0 ) , i q q ( 2 , 9 9 , 4 0 ) ,n p m a x (2 ), j j m a x { 2 ) , a p p ( 2) 
common a p ( 2 , 9 9 , 4 0 ) , b p ( 2 , 9 9 , 4 0 ) , c p ( 2 , 9 9 , 4 0 )  
dim ension i q ( 2 , 9 9 ) , b e ( 2 , 9 9 )
d im ension f c o i s i ( 2 , 9 9 ) , f l u x ( 2 , 9 9 ) , e f f l 0 0 p c ( 2 )
dim ension u p s t a r ( 2 , 9 9 ) , r a p ( 2 , 9 9 ) , s r a p ( 2 , 9 9 ) , e x t r a { 2 , 9 9 ) , e l e x t r (2 , 9 9 )
d im ension f i o n i h ( 2 , 9 9 ) , f e c h ( 2 , 9 9 ) , £ c o n £ i( 2 , 9 9 ) , u p ( 2 , 9 9 ) ,down(2,9 9)
dim ension t s ( 2 , 9 9 ) , d i v i s ( 2 , 9 9 ) , f i o n i t ( 2 , 9 9 ) , £ r a d r ( 2 , 9 9 ) , z n t ( 2)
dim en sion ippm ax(2 ) , f l o w r a t e ( 2 ) ,d e n sn o p (2 ) , s z z n ( 2 )
dim ension v i t i o n ( 2 ) , v e l n e u ( 2 ) , s i d ( 2 ) , sum(2 ) , su m elx (2 ) , sum ext(2 )
dim ension f g a s ( 2 ) , f i o n e u ( 2 ) , f e c h n e ( 2 ) , rn e u d (2 ) , power( 2 )
dim ension pumpspex(2 ) , p r e s s v c ( 2 ) , p r e s s o p ( 2 ) , c o n d t u ( 2 ) , c o n d v c ( 2 )
dim ension p r i h e i ( 2 , 9 9 ) , p r i t e i ( 2 , 9 9 ) , p r i c e l i ( 2 , 9 9 ) , p r i c e u i ( 2 , 9 9 )
dim en sion p r i c e u i p ( 2 , 9 9 ) , v i t e r m ( 2 ) , g a s l d t u ( 2 ) , g a s l d v c ( 2 ) , d e n s n v c ( 2 )
dim ension d e n s i o n _ t o t a l ( 2 )
r e a l  io n e £ £ (2 ,9 9 )~ '
c h a r a c t e r *12 a t o m d f , p l a s d f , g a s ( 2 )
l o g i c a l * !  o p t i o n , n f l a g , l n 0 3
c .................    — ................ ................................ ........................
C----------£ ( x) i s  a f u n c t io n  statem ent —  -------     •-
c    —    -------------------
f  (x)=>x+alog( ( t £ t h + g * s t e l e c t * x ) / c t e l e c t )
C   ---- -------------------------------------------------------------------------------------- -----------------
C------------------------  e n te r  atom ic d ata f i l e  names f o r  batch p r o c e s s  —
c      --------
77 c a l l  c l r w s c
c a l l  t s c r l a ( l , 2 4 )
type 7
7 f o r m a t s  E C R E F F  ' ,  8 ( 1 H - ) , / / ,
1 1 C a l c u l a t i o n  o f  the I o n i z a t i o n  E f f i c i e n c y  o f  an 
1 ECR Ion S o u r c e ’ , / , ' ’ , 6 1 ( 1 H - ) )
type 72
72 f o r m a t ( / , '  Name o f  atomic data f i l e  [a t  . e f f ]  : ' , $ )
a c ce p t  4 6 , (ato m d f( j : j ) , j = 3 , 8 )
46 f o r m a t ( 6a l )
atom df( 1 : 2 ) = ' a t '  
atom df( 9 : 1 2 ) = ' . e f f '
type 84
84 f o r m a t ( / , ' Name o f  plasma data f i l e  [ p i _______ . e f f ]  : ' , $ )
a c ce p t  4 6 , ( p l a s d f ( j : j ) , j = 3 , 8 )
p l a s d f ( 1 : 2 ) = ' p l ’ 
p l a s d f ( 9 : 1 2 ) = ' . e f f '
type 15600
15600 f o r m a t ( / , '  Number o f  lo o p s f o r  ion d e n s it y  c a l c u l a t i o n  j ' , § )  
a c c e p t  * f nloops
l n 0 3 = . f a l s e ,  
type 15601
15601 f o r m a t { / , ' Output in t o  " f o r 0 0 7 . d a t "  f i l e  (Y/N) ? ’ ,$ )  
a c c e p t  1 0 1 , o p t io n
101  f o r m a t ( a l )
i f ( o p t i o n  .eq. 'Y '  . o r .  o p t io n  .e q .  * y *) l n 0 3 = . t r u e .
C--------------------------  - ---------------------------------------------- --------------- -
C-------------------------------  i n i t i a l i z e  read from atomic data f i l e s
c   --------------------------------------------------------------------------------------
c ---------------------------------
C------------ atom ic d ata
C---------------------------------
open ( unit=l»name=*atomdf, t y p e = ' o l d 1, fo rm = 'u n fo rm a tte d *, e r r = 9 )  
rewind ( u n i t = l )
C------------------------------------------------------------------------------------------------------
C----------  e l e c t r o n  impact i o n i z a t i o n  c a l c u l a t i o n s  parameters
C ---------------------------------------- -------------- -------------------------- --------
r e a d ( 1 , e r r =1 0 ) numgas
do 200 k - 1 ,numgas
e a d ( . l , e r r = 1 0 ) ( g a s ( k )  ( j : j  ) ,  j = l ,  1 2 ) ,  
a m a s s ( k ) , iz m a x ( k ) ,
( p o t i o ( k , n ) , n = l , i z m a x ( k ) ) ,  
npm ax(k), j j m a x ( k ) , ip p m a x (k ), a p p ( k), 
( ( i q ( k , n p ) , b e ( k , n p ) ) r n p > l f npm ax(k)) ,((ap(k r i # j),j =1f 3),(bp(k,i,j),j =1,3),
( c p ( k , i , j ) , j » l , 3 ) f i = l f ip p m a x (k ))
200 c o n t in u e
goto 11
9 type 1 0 2 , ( a t o m d f ( n : n ),n = l r 12)
i f ( l n 0 3 )  w r i t e ( 7 , 1 0 2 )  ( a t o m d f ( n : n ) , n = l , 12)
102 f o r m a t ( / , '  **** Atomic d a ta  f i l e  ' , 1 2 a l , '  does not e x i s t  * * * * ')
goto 19999
10 type 1 0 3 , ( a t o m d f ( n : n ) , n = l , 12)
i f ( l n 0 3 )  w r i t e ( 7 , 1 0 3 )  ( a t o m d f ( n ; n ) , n = l , 12)
103 f o r m a t ( / , ' **** Atomic d ata f i l e  ' , 1 2 a l , '  read e r r o r  * * * * ')
c l o s e  ( u n i t = l )
goto 19999
11 c l o s e  ( u n i t = l )
C -----------------------------------------------------------------------------------------------------------------------------
C---------- plasma d a t a   ----------------- -----------------------------------------
C----------------------------------------------------------------------------------------------------------------------------
c a l l  c l r w s c  
c a l l  t s c r l a ( l , 2 4 )
if(ln03) write(7,7)
type 105,(atomdf(n:n),n=l,12)
if(ln03) write(7,105) (atomdf(n:n),n=l,12)105 format(///,* Atomic data file : ',12al)
type 106,(plasdf(n:n),n=l,12)if(ln03) write(7,106) (plasdf(n:n),n=l,12)106 format(' Plasma data file : ',12al)
open (unit=2,name*plasdf,type='old',form*'unformatted',err=8) rewind (unit»2)
c       ------------
C----------base and work parameters---------------------------------------------------------------- -
C-------------------------------------------------------------------------------------------------------------------------
read(2 ,err=1 2 ) ngpl,lengpl,diampl,vf,sf,
1 lengtu,diamtu,temptu,diaraex,lengvc,diamvc,tempvc,pumpsp,
1 enelech, (enion( i), i=*l,ngpl) ,denseh,
1 (flowrate(j),j-1,ngpl),
1 rl,g,delpot,denset,enelect
if(ngpl .It. numgas) goto 13
goto 14
8 type 1 0 4 , ( p l a s d f ( n : n ) , n * l , 12)
i f ( l n 0 3 )  w r i t e ( 7 , 1 0 4 )  ( p l a s d f ( n : n ) , n = l , 12)
104 f o r m a t ( / , ' **** Plasma d ata f i l e  ' , 1 2 a l , '  does not e x i s t  * * * * ')
goto 19999
12 type 1 0 7 , ( p l a s d f ( n : n ) , n = l , 1 2 )
i f ( l n 0 3 )  w r i t e ( 7 , 1 0 7 )  ( p l a s d f ( n : n ) , n = l , 12)
107 f o r m a t ( / , ' **** Plasma d a ta  f i l e  * , 1 2 a l #' read e r r o r  * * **’ )
c l o s e  ( u n i t = 2 )
goto 19999
13 type 1 0 8 , ( p l a s d f ( n : n ) , n * l , 1 2 ) , ( a t o m d f ( n : n ) , n = l , 12)
i f ( l n 0 3 )  w r i t e ( 7 , 1 0 8 )  ( p l a s d f ( n j n ) , n * l , 1 2 ) , ( a t o m d f ( n ; n ) , n = l , 12)
108 fo rm a t( / , 1 **** Humber o f  gases i n  plasma data f i l e  ' , 1 2 a l ,
1 / , '  **** l e s s  than those i n  atom ic d ata f i l e  *r 12a l )
c l o s e  ( u n i t » 2 )
goto 19999
14 c l o s e  ( u n i t 3>2) 
e n i = 0 .
do 114 k=l,numgas  
e n i = e n i+ e n io n ( k )
114 c o n t in u e
en i=eni/n um gas J average ion energy.
c -----------------------------------------------------------------------------------------------------------------------------
C----------  d ata t r a n s f e r  from atomic and plasma d ata f i l e s  completed -----------
C ----------     - ................— ---------- --------------
C...........  - -----------    —
C----------  p r i n t  base param eters -------------------------------------------------------------------------
C --------------- ------------------------------------------------------------------------------------------------------
16000 type 1 8 5 0 , f l o a t ( l e n g p l )
i f ( l n 0 3 )  w r i t e ( 7 f 1850) f l o a t ( l e n g p l )
1850 f o r m a t ( / / , ' Length o f  plasma ; ' , f 5 . 1 , '  cm1)
type 1851,diam pl
i f ( l n 0 3 )  w r i t e { 7 , 1 8 5 1 )  diampl
1851 fo rm a t ( 1 Diam eter o f plasma s ' , f 5 . 1 , '  cm ')
i f ( v f  .eq. 0) goto 70
goto 80
70 v f = .1 5
s f = 2 . 79
80 type 9 0 , v f
i f ( l n 0 3 )  w r i t e ( 7 , 9 0 )  v f  
90 fo rm a t ( / , 1 Volume f a c t o r
type 9 2 , s f
i f ( l n 0 3 )  w r i t e ( 7 , 9 2 )  s f  
92 f o r m a t ( ' Area f a c t o r
do 95 k=l,numgas
if(k .eq. 1) type 93,(gas(k)(1:1),1=1,12)if(k .eq. 1 .and. In03) write(7,93) (gas(k)(1:1),1*1,12)93 format(//,' Test gas : ',12al)
if(k .gt. 1) type 94,k-1,(gas(k)(1:1),1=1,12)if(k .gt. 1 .and. In03) write(7,94) k-1,(gas(k)(1:1),1=1,12)94 format(//,1 Support gas no. ',il,' : 1,12A1)
type 18 52,am ass(k)
i f ( ln 0 3 )  w r i t e ( 7 , 1 8 5 2 )  am ass(k)
1852 fo rm a te ' Atomic mass (amu) : ' , f 5 . 1 )
type 1 8 5 3 , izm ax(k)
i f ( l n 0 3 )  w r i t e ( 7 , 1853) izm ax(k)
1853 f o r m a t ( '  P roton number : ' , i 3 )
95 c o n tin u e
C    --------------------
C----------  type e l e c t r o n  impact i o n i z a t i o n  c a l c u l a t i o n s  param eters
C  ----------------- - ---------- ----------------------------------------------------- -------- ---------
type 140
i f ( l n 0 3 )  w r i t e ( 7 , 1 4 0 )
140 form ate / / / , 1 I o n i z a t i o n  p o t e n t i a l s  : ' , / ,
!  '      ' )
do 155 k=l,numgas
if(numgas .eq. 1) type 1
i f (numgas .eq. 1 .and. In03) write(7,159)
i f (numgas .gt. 1) type 150,(gas(k)(1:1),1=1,12)if(ln03 .and. numgas .gt. 1) write(7,150) (gas(k)(1:1),1=1,12)150 format{/,' ',1231,' :',/)159 format(/)
type 151,(potio(k,n),n=l,izmax(k))if(ln03) write(7,151) (potio(k,n),n=l,izmax(k))151 format(' ',8f8.1)
155 continue
: ' , f e . 2 ) 
: ' , f 6 .2 )
type 165
i f ( l n 0 3 )  w r i t e ( 7 f 165)
165 fo rm a t( / / / , '  S h e l l  no. No. o f  e le c t r o n s
1 B in d in g  E n e r g y ' , / ,
1 .     —  «)
do 160 k=l,numgas
if(nu m g a s .e q .  1 ) type '
if(n u m g as .eq. 1 .and. In 0 3 )  w r i t e ( 7 , 1 5 9 )
if(nu m g a s . g t .  1) type 1 5 0 , ( g a s ( k ) ( 1 : 1 ) , 1 = 1 , 1 2 )
i f ( l n 0 3  .an d . numgas . g t .  1) w r i t e ( 7 , 1 5 0 )  ( g a s ( k ) ( 1 : 1 ) , 1 = 1 , 1 2 )
i f (n p m a x (k )  .e q . 0) type * , '  T o t a l  number o f  s u b s h e l l s  = O' 
i f (n p m a x (k )  .e q .  0 ) goto 160
type 1 6 6 , ( ( n p , i q ( k , n p ) , b e ( k , n p ) ) ,n p = l,n p m a x (k ))
i f ( ln 0 3 )  w r i t e { 7 , 1 6 6 )  ( ( n p , i q ( k , n p ) , b e ( k , n p ) ) ,n p = l,n p m a x (k ))
166 f o r m a t ( ' ' , i 2 , '  ' , i 2 ,
1 ' ' ,  f  7 . 1 )
160 c o n t in u e
c   --------------------------------
C----------  a s s i g n  l o t z  c o e f f i c i e n t s  to s u b s h e l l s
C------------------------ ------------------------------------------------------
type 171
i f ( l n 0 3 )  w r i t e ( 7 , 1 7 1 )
171 f o r m a t ( ' l  Lotz C o e f f i c i e n t s  : ' , / ,
do 170 k=l,numgas
if(num gas .eq. 1 ) type * , '  '
if (num gas .e q .  1 .an d. I n 0 3 )  w r i t e ( 7 , 1 5 9 )
if(num gas . g t .  1) type 1 5 0 , ( g a s ( k ) ( 1 : 1 ) , 1 = 1 , 1 2 )
i f ( l n 0 3  .and. numgas . g t .  1) w r i t e ( 7 , 1 5 0 )  ( g a s ( k ) ( 1 : 1 ) , 1 = 1 , 1 2 )
i f ( i p p m a x ( k )  .eq. 0 ) then  
type 169
i f ( l n 0 3 )  w r i t e ( 7 , 1 6 9 )  
goto 170 
end i f
169 f o r m a t ( / , ' Number o f  ch arg e s t a t e s  f o r  Lotz c o e f f i c i e n t s  = 0 . ' ,
1 / , '  T h e r e fo r e  d e f a u l t  v a lu e s  w i l l  be u s e d . ' )
type 173
i f ( l n 0 3 )  w r i t e ( 7 , 1 7 3 )  
do 177 i= l , i p p m a x ( k )
type 174,i,(ap(k,i,j),j=l,3),(bp(k,i,j),j=l,3),(cp(k,i,j),j=l,3) if(ln03) write(7,174) i,(ap(k,i,j),j=l,3),(bp(k,i,j),j=l,3),
1 ( c p ( k , i , j ) , j = l , 3)
177 c o n t in u e
170 c o n t in u e
173 f o r m a t e  A l A2 A3 B1 B2 B3
1 C l  C2 C 3 ' )
174
172
175
176
180
C— -
C—
C----
2015
2020
2025
2030
format{1 * ,i2,9f6.2)
do 180 k=l,numgas  
i f ( i p p m a x ( k )  .e q .  0) goto 175
x f( ip p m a x (k )  . l e .  izm ax(k) .and. j jm a x ( k )  . l e .  3) goto 175 
i f ( j j m a x ( k )  . l e .  3) goto 175
do 172 i = l f ippmax(k)  
do 172 j = 4 #jjm a x ( k )
a p ( k , i , j ) = a p p ( k )  
b p ( k , i , j ) = 0 . 
c p ( k , i , j ) = 0 .
c o n t in u e
do 176 i= ip p m a x ( k ) + l, iz m a x ( k )  
do 176 j = l , j j m a x ( k )
a p ( k , i , j ) = a p p ( k )  
b p ( k , i , j ) = 0 . 
c p ( k , i , j ) = 0 .
c o n t in u e
co n tin u e
i o n i z a t i o n  p o t e n t i a l s  and b in d in g  e n e r g ie s
do 2025 k =l,numgas  
i f (n p m a x (k )  .e q .  0) goto 2025  
do 2020 j= l ,n p m a x (k )  
ipmax=0
do 2020 n p = l #n p m a x ( k ) - j+ l
ipm ax= ipm ax+iq(k, np) 
ip m in = ip m a x - iq (k #n p ) + l
do 2020 i= ip m in ,ip m a x
n u = n p + j- l
p ( k # i #j ) = p o t i o ( k , i ) - b e ( k / n p )+ b e (k ,n u )  J j - s h e l l  b in d in g  energy f o r
i f ( j  .eq. 1) goto 2015 ! an ion o f  charge s t a t e  i .
i q q ( k r i , j ) = i q ( k f nu) 
goto 2020
i q q ( k , i , j ) = i q ( k f n p ) - i + i p m i n  ! e l e c t r o n  o c c u p a tio n  numbers
f o r  the s h e l l s
c o n t in u e
c o n tin u e
type 2030
i f { ln 0 3 )  w r i t e ( 7 , 2 0 3 0 )
f o r m a t ( / / / , ' 
1 / , '
I o n i z a t i o n  p o t e n t i a l s  and b in d in g  e n e r g ie s
' )
if(num gas .eg. 1 ) type * , '  '
if(num gas .eg. 1 .and. In 0 3 )  w r i t e ( 7 #I5 9 )
if(num gas . g t .  1) type 1 5 0 , ( g a s ( k ) ( 1 : 1 ) , 1 = 1 , 1 2 )
i f ( ln 0 3  .and. numgas . g t .  1) v r i t e ( 7 ,1 5 0 )  ( g a s ( k ) ( 1 : 1 ) , 1 = 1 , 1 2 )
i f (n p m a x (k )  .e g .  0) goto 2040
type 2031
i f ( l n 0 3 )  w r i t e ( 7 , 2 0 3 1 )
2031 form at(* I  No Io n p o t No I s t s S h e l l  No 2 n d s S h e ll
1 No 3 r d s S h e l l  No 4 t h s S h e l l  No S t h s S h e l l ' )
i f ( j j m a x ( k )  . l e .  6 ) jm ax*jjm ax (k)  
i f ( j j m a x ( k )  . g t .  6 ) jmax=6
do 2035 i = l , i z m a x ( k )
type 2 0 3 6 , i , ( i g g ( k , i , j ) , p ( k , i , j ) , j = l , j m a x )
i f ( l n 0 3 )  w r i t e ( 7 , 2 0 3 6 )  i , ( i g g ( k , i , j ) , p ( k , i , j ) , j = l , j m a x )
2035 c o n tin u e
2036 f o r m a t e  ’ , I 2 , 6 ( '  ' , 1 2 , *  ' ^ 8 . 1 , '  ' ) )
goto 2045
do 2045 k=l,numgas
2040 if (n p m a x (k )  .e g .  0) type * , '  T o t a l  number o f  s u b s h e l l s  * O'
do 2050 i = l , i z m a x ( k )
i g g ( k , i , l ) = lp(k,i,1)=potio(k,i)
2050 c o n t in u e
2045 c o n tin u e
type 1 9 5 0 ,e n e le c h
i f ( l n 0 3 )  w r i t e ( 7 , 1950) e n e le ch
1950 f o r m a t ( / / / , ' Hot e l e c t r o n  tem perature
1 f 7 . 1 , '  e V ')
type 1951,denseh
i f ( l n 0 3 )  w r i t e ( 7 , 1 9 5 1 )  denseh
1951 form at(* Hot e l e c t r o n  d e n s it y  
1 e l O . 4 , '  /cm** 3 ' )
type 1 9 5 2 , e n e le c t
i f ( l n 0 3 )  w r i t e ( 7 ,1 9 5 2 )  e n e le c t
1952 f o r m a t ( '  Thermal e l e c t r o n  tem perature
1 f 6 . 1 , '  e V ')
type 1 9 5 3,d e n se t
i f ( l n 0 3 )  w r i t e ( 7 , 1 9 5 3 )  denset
1953 f o r m a t ( ' Thermal e l e c t r o n  d e n s it y
1 e l O . 4 , '  /cm** 3 ' )
type 1 9 5 4 , r l
i f ( ln 0 3 )  w r i t e ( 7 , 1 9 5 4 )  r l
1954 fo rm a t ( 1 M i r r o r  r a t i o  x ( e f f .  PL/PL)
1 £ 6 .1 )
type 1 9 5 5 , g
i f ( l n 0 3 )  w r i t e ( 7 ,1 9 5 5 )  g
1955 f o r m a t ( ' F u n c t io n  o f  m ir r o r  r a t i o
1 £ 6 .1 )
(ENELECH)
(DENSEH)
(ENELECT) :
(DENSET)
(RL)
(G)
type *, 1 ' 
do 1960 k=l,numgas
if(num gas . g t .  1)  type 1 5 0 , ( g a s ( k ) ( 1 : 1 ) , 1 = 1 , 1 2 )
i f  ( ln 0 3  .and. numgas . g t .  1) w r i t e ( 7 , 1 5 0 )  ( g a s ( k ) ( 1 : 1 ) , 1 = 1 , 1 2 )
type 1 9 5 6 ,e n io n (k )
i f ( l n 0 3 )  w r i t e ( 7 , 1 9 5 6 )  e n io n ( k )
1956 f o rm a t ( '  Io n  tem perature
1 f 6 . 1 , '  e V ' )
type 1 9 5 7 , f l o w r a t e ( k )
i f ( l n 0 3 )  w r i t e ( 7 , 1 9 5 7 )  f l o w r a t e ( k )
1957 f o r m a t ( ' N e u t r a l  flo w  r a t e
1 e l 0 . 4 , ' s t d .  c c / s ' )
1960 c o n tin u e
(ENION)
(FLOWRATE)
end o f  type and p r i n t  statem ents
i n i t i a l i z a t i o n
220 vo lum =vf*diam pl**2* le n g p l  
v i t e l = 6 . e 7 * s q r t ( e n e l e c h )
! e f f e c t i v e  plasma volume. 
! hot e l e c t r o n  v e l o c i t y .
225
do 225 k=l,numgas
v i t i o n ( k ) = 1 . 4 e 6 * s q r t ( e n i o n ( k ) / a m a s s ( k ) ) 
v e l n e u ( k ) = 1 . 4 5 5 e 4 * s q r t {t e m p t u /a m a s s (k ))
v i t e r m ( k ) * 2 . 7 4 5 e 5 / s q r t ( a m a s s ( k ) )
c o n t in u e
f ion v e l o c i t y .
! therm al v e l o c i t y  o f  
I n e u t r a l  gas
d e te rm in a t io n  o f  the n e u t r a l  d e n s i t i e s  from the flo w  r a t e s
p i = 3 . 141592654
r a d it u = d ia m t u / 2 .
r a d iv c = d ia m v c / 2 .
p e r it u = p i* d ia m t u
p e riv c = p i* d ia m v c
c l t u = c l a u s i n g ( l e n g t u , r a d i t u )  
c l v c = c l a u s  i n g ( l e n g v c , r a d i v c )
do 2100 k=l,numgas
e f f 1 0 0 p c ( k ) = f l o w r a t e ( k ) * 1 0 1 3 . 2 5 / ( 2 9 8 . * 1 . 380 4 e -19 ) I in  n e u t r a l s / s
g a s l d t u ( k ) = f l o w r a t e ( k ) / ( p i * d i a m t u * l e n g t u )  
g a s l d v c ( k ) = f l o w r a t e ( k ) / ( p i * d i a m v c * l e n g v c )
p u m p s p e x ( k ) = ( 3 . 6 3 7 5 * p i* s q r t ( tem p tu /a m a ss(k ))* d ia m e x * * 2 )/4 .
1 "pumping speed" o f  the plasma e x t r a c t i o n  h o le
c o n d t u ( k ) = c l t u * ( 3 .6 3 7 5 * s q r t (t e m p t u /a m a s s (k ))* p i* d ia m t u * * 2 )/4 .
! conductance o f  plasma tube.
c o n d v c ( k ) = c l v c * ( 3 . 6 3 7 5 * s q r t (t e m p v c /a m a s s (k )) * p i* d ia m v c * * 2 )/4 . 
! conductance o f vacuum chamber tube.
i s k i p -0  ! s k i p  average p r e s s u r e  c a l c u l a t i o n .
i f ( i s k i p  ,eq. 9999) goto 2200
p r e s s u r e = 0 .
i l = l e n g t u *100
i l s t = l e n g t u
do 2101  i p l x = 0 , i l , i l s t  
p l x = f l o a t ( i p l x ) / 100 .
p r e s s u r e 3p r e s s u r e + ( g a s l d t u ( k ) *per i  t u * ( lengtu/pumpspex { k ) +
1 p l x / c o n d t u ( k ) - ( p l x * * 2 ) / ( 2* c o n d t u ( k ) * le n g t u ) ) )
2101 c o n t in u e
p r e s s o p ( k ) = p r e s s u r e / 1 0 1 . ! p a r t i a l  p r e s s u r e  o u t s id e  the
! plasma averaged over 100 s t e p s .
p r e s s u r e * 0 .
i l = l e n g v c *100
i l s t s l e n g v c
do 2102 i v c x » 0 , i l , i l s t  
v c x = f l o a t ( i v c x ) / 100 .
p r e s s u r e = p r e s s u r e + ( g a s l d v c ( k ) * p e r i v c * ( lengvc/pumpsp+
1 v c x / c o n d v c ( k ) - ( v c x * * 2 ) / ( 2* c o n d v c ( k ) * le n g v c ) ) )
2102 c o n t in u e
p r e s s v c ( k ) = p r e s s u r e / 1 0 1 . { p a r t i a l  p r e s s u r e  o u t s id e  the plasma
i e x t r a c t i o n  h o le  averaged over 100 s t e p s .
goto 2201
2200 p l x = l e n g t u / 2 .
p r e s s o p ( k ) = g a s l d t u ( k ) * p e r i t u * ( len g tu /p u m p sp e x (k )+
1 p l x / c o n d t u ( k ) - ( p l x * * 2 ) / ( 2* c o n d t u ( k ) * le n g t u ) )
v c x = l e n g v c / 2 .
p r e s s v c ( k )  = * g a s ld v c (k )* p e r iv c * ( lengvc/pumpsp+
1 v c x / c o n d v c ( k ) - ( v c x * * 2 ) / ( 2* c o n d v c ( k ) * le n g v c ) )
2201 d e n s n o p ( k ) = p r e s s o p ( k ) / ( t e m p t u * l.3 8 0 4 e - 1 9 )
t n e u t r a l  d e n s it y  o u t s id e  the plasma.
d e n s n v c ( k ) * p r e s s v c ( k ) / ( t e m p v c * l . 3 8 0 4 e -1 9 )
! n e u t r a l  d e n s it y  i n s i d e  the vacuum chamber.
2100 c o n t in u e
C------------------------------------------ ----------------------------------------------
C------------ t r i a l  io n d e n s i t i e s -----------------------------------------
C—  ----------------- ------------ ---------------------------------------------
C  these a re  c a l c u l a t e d  by assuming th a t :
C----------
C----------  ( 1 )  the t o t a l  t e s t  gas and sup po rt gas ion d e n s i t i e s  a re
C----------  e q u a l,  and that
C----------  ( 2 )  the t o t a l  o f  the ion d e n s i t i e s  ( t e s t  and support gas)
C-----------  i s  eq ua l to the t o t a l  o f  the e l e c t r o n  d e n s i t i e s
C----------  (h o t and th e rm a l) .
C ------------------------------------------------------------------------------------------------------------------------------------------------------------
do 2010 k=l,numgas  
do 2010 i = l , i z m a x ( k )
d e n s i o n ( k , i ) = 0 . 5 * ( ( d e n s e h + d e n s e t ) / ( f l o a t ( i z m a x ( k ) ) * f l o a t ( i ) ) )
! ion d e n s it y  o f charge i .
2010 c o n t in u e
type 2898
i f ( ln 0 3 )  w r i t e ( 7,2898)
2898 fo rm a t( / / , ' 1R E S U L T S  O F  C A L C U L A T I O N
1 ' —  -  ' )
C----------------------------------------------------------------------- ---------- -----------------------------------------
C---------- ------------ ----------------------------------------- ---------- ------------------------------------------------
C------------------------  p r i n c i p a l  c a l c u l a t i o n ,  ends a t  statement 4300 --------------
C----------------------------------------------------------------------------------------------------- ---------------------
C-------------------------- -------------------------------------------------------------------------------- ----------------
c  =  -------------------
C-----------  c a l c u l a t e  n e u t r a l  d e n s it y  and atom ic r a t e s  ----------------------------------------------
C----------------------------------------------------------------------------------------------------------------------------------------
n f l a g = . t r u e .
do 4400 n=rt,nloops ! f o r  the f i r s t  run w ith n = l  t r i a l  io n  d e n s i t i e s
! a re  used to determ ine a l l  the r a t e s  o f  atomic  
! p r o c e s s e s  and the io n d e n s i t i e s  o f  s i n g l y  charged  
! io n s  and hence f o r  q > 1+ io n s .
1 these ion d e n s i t i e s  a re  then fed in t o  the second  
1 run f o r  n =2 i n  o rd e r  to o b t a in  more a c c u ra t e  
i io n  d e n s i t i e s .
do 4300 k=*l,numgas
f g a s ( k ) = v i t e r m ( k ) * s f / ( 2 . * v f * d ia m p l)
i = l
f i o n e u ( k ) = s i o n v e ( k , i , e n e l e c h ) * d e n s e h +  
1 s i o n v e ( k , i , e n e l e c t ) * d e n s e t
f e c h n e ( k ) =0 . 
i =0
do 3011 kk=l,numgas
do 3010 i i = l , izm ax(kk)
i f ( k k  .e q .  k .and. i i  .eq. 1 ) goto 3010
f e c h n e ( k ) = f e c h n e ( k ) +  I ra t e  o f  l o s s  o f  n e u t r a l s  in
1 s e c h v i ( k , i , k k , i i ) * d e n s i o n ( k k , i i )  1 plasma through charge exchange
! ( k , i )  -  n e u t r a l s  l o s t ;  ( k k , i i )  -  io n s .
3010 continue
I ra t e  o f  l o s s  o f  n e u t r a l s  from 
I plasma due to therm al v e l o c i t y
! ra t e  o f l o s s  o f  n e u t r a l s  in  
1 plasma through e l e c t r o n  impact  
! i o n i z a t i o n .
3011 continue
r n e u d ( k ) = f g a s ( k ) /  I r a t i o  o f  n e u t r a l  d e n s i t i e s
1 ( f g a s ( k ) + f i o n e u ( k ) + f e c h n e ( k ) ) ! i n s i d e  and o u t s id e  o f  plasma.
d e n s n p l(k )= rn e u d (k )* d e n s n o p (k )  ! n e u t r a l  d e n s it y  in  plasma.
c ------------------------------------------------------------------------------------------------------------------------------------
C----------1. c a l c u l a t e  p r o d u c t io n  r a t e  o f  ( k , i )  i o n s  not m u l t i p l i e d  by — ■
C-------------- through h o t - e l e c t r o n  impact i o n i z a t i o n    d e n s it y  and volum —
C----------------------------------------------------- ------------ -------------------------------------- -------- -----------------
do 6040 i = l , i z m a x ( k )
p r i h e i ( k , i ) =s i o n v e ( k , i,en e le ch )* d e n se h
6040 c o n tin u e
C-------------------------------------------------------------------------------------------------- ---------- -----------------------
C----------  2. c a l c u l a t e  p r o d u c t io n  r a t e  o f  ( k , i ) io n s  ---------------------------------------
C-------------- through t h e r m a l- e le c t r o n  impact i o n i z a t i o n -  —
C------------- ----------------------------------------------------------------------------- ------------ ----------------------------
do 6041 i = l , i z m a x ( k )
p r i t e i ( k , i ) = s i o n v e ( k , i , e n e l e c t ) * d e n s e t
6041 c o n t in u e
C - ----------         -
q ----------  3 . c a l c u l a t e  p ro d u c t io n  r a t e  o f  ( k , i )  io n s  through -------------
C-------------- charge exchange between ( k , 0 ) n e u t r a l s  and ( k , i + l )  io n s---------------
c     ----------------------------------------------------------------
do 6042 i = l , i z m a x ( k ) - l  
i i *0
p r i c e l i ( k , i ) = p r i c e l i ( k , i ) + s e c h v i ( k f i i  r k , i + l ) * d e n s n p l ( k )
6042 c o n tin u e
C------------------------------------------------------------------------------ -------- ------------------------------
C----------  4. c a l c u l a t e  p r o d u c t io n  r a t e  o f  ( k , i )  io n s  through
C  charge exchange between ( k k , 0 ) n e u t r a l s  and ( k , i - l )  ions
C  --------------- -------- --------------------------------------------------------- -------- -----------------
do 6044 i = l , i z m a x ( k ) - l
p r i c e u i ( k , i ) = 0 .
do 6045 k k = l r numgas 
i f ( k k  .e q. k) goto 6045
i  i =0
p r i c e u i ( k # i ) = p r i c e u i ( k , i ) + s e c h v i ( k k , i i r k , i + l ) * d e n s n p l ( k k )
6045 c o n t in u e
6044 c o n t in u e
C------------------------------------------------------------------------------------------------------
C----------  5. c a l c u l a t e  p ro d u c t io n  r a t e  o f  ( k , i )  io n s  through
C----------  therm al e l e c t r o n - i o n  r a d i a t i v e  re co m b ina tio n —
c
do 3055 i= 2 , i z m a x ( k )
f r a d r ( k , i ) = d e n s e t * r a d r ( k , i + l , e n e l e c t )  ! r a t e  o f  thermal e l e c t r o n - i o n
! r a d i a t i v e  re co m b inatio n .
3055 c o n tin u e
C---------------------------------------------------------------------------------------------------------------------------
C----------  c a l c u l a t e  io n confinem ent times   s e c t io n  4.6
C---------------------------------------------------------------------------------------------------------------------------
do 3080 kk=l,numgas
s z z n ( k k ) = 0 .
do 3060 j » l , i z m a x ( k k )
s z z n ( k k ) = s z z n ( k k ) + ( j * * 2 ) * d e n s i o n ( k k , j )
! s ig m a {( izmax)**2 * io n  d e n s i t y ) .
3060 c o n tin u e
z n t ( k k ) =>sqrt( s z z n ( k k ) /e n io n ( k k ) + d e n s e t / e n e le c t + d e n s e h / e n e le c h )
I term in  ln (d e b y e  le n g th /im p a c t  p a ra m e te r).
3080 c o n tin u e
do 3081 i * l , i z m a x ( k )
f c o i s i ( k , i ) = 0 . ! r a t e  o f  s c a t t e r i n g  o f  io n  i  o f f  io n j .
do 3082 k k - l f numgas 
do 3082 j = l , i z m a x ( k k )
f c o i s i ( k , i ) = f c o i s i ( k r i ) + { 7 . e - 8 * i * * 2 / ( s q r t ( a m a s s ( k k ) ) * e n i o n ( k k ) * * l . 5 ) )  
1 * d e n s i o n ( k k , j ) * j **2
1 * ( 2 3 . 4 6 - a l o g ( i * j * z n t ( k k ) / e n i o n ( k k ) ) )
I r a t e  o f  s c a t t e r i n g  o f  io n  i  o f f  ion j .
3082 c o n t in u e
3081 c o n t in u e
C------------------------------------------------------------------------------------- -------- ----------------- ----------------------
C----------c a l c u l a t e  t r a p  p o t e n t i a l -------------------------------------------------- s e c t io n  4 . 6 ----------
C-------------------------------------------------------------------------------------------------- -------------------------------------
t f ( k ) » 1 . 2 8 e - 6 * r l * l e n g p l * s q r t ( a m a s s ( k ) / e n i o n ( k ) )
! plasma flo w  time in  seconds.
do 3098 i = l , i z m a x ( k )
t s ( k , i ) =g*( l . / f c o i s i ( k , i ) )* d e lp o t*  i / e n i o n { k )
! plasma 90 deg. s c a t t e r  time.
t o c o n i ( k , i ) = ( t f ( k ) + t s ( k , i ) ) * e x p ( i * d e l p o t / e n i o n ( k ) )
! confinem ent time o f  io n s  
! o f  charge s t a t e  i .
3098 c o n t in u e
do 3109 i = l r izm ax(k)
f c o n f i ( k , i ) = l . / t o c o n i ( k #i )
! r a t e  o f  l o s s  o f  io n s o f  charge i  from plasma.
3109 continue
c------------------------------------------------------------------------------------------
C----------  c a l c u l a t e  r a t e  c o e f f i c i e n t s  and io n d e n s i t i e s
C----------  no te: f o r  indexes one uses f i o n i h ( f i n a l  s t a t e )
C----------  f e c h { i n i t i a l  s t a t e )  and f r a d r ( i n i t i a l  s t a t e )
C----------------- ---------- ------------------------------------------------------------------
do 4000 i = 2 f izm ax(k)
divis(k,i)= prihei(k,i) + pritei(k,i) + priceli(k,i)1 + priceui{k,i) + fradr(k,i) + fconfi(k,i)up(k# i) = (prihei(k,i-l)+pritei(k,i-1))/divis(k,i)down(k,i)=(priceli(k,i+l)+priceui(k,i+l)+fradr(k,i+1))/divis(k,i)
! divis, up and down are parameters i in ion density calculation.
4000 continue
u p s t a r ( k , i z m a x ( k ) ) = u p ( k f iz m a x (k ))  ! parameter in
1 io n  d e n s it y  c a l c u l a t i o n .
do 4050 j - 2 , i z m a x ( k )  
i = j - l
ups tar(k r i)=up(k,i)/(1.-down(k ,i)* up(k,i+1)) 
4050 continue
do 4060 i = l , i z m a x ( k )
r a p ( k , i ) = l .  ! param eter i n  ion d e n s it y  c a l c u l a t i o n .
4060 c o n t in u e
do 4070 i» 2 , iz m a x ( k )  
do 4070 j = 2 , i
r a p ( k , i ) = r a p ( k , i ) * u p s t a r ( k , j ) 
4070 c o n t in u e
s z r a p ( k ) = 0 .
do 4080 i = l , i z m a x ( k )
s z r a p ( k ) = s z r a p ( k ) + i * r a p ( k , i )  ! parameter in  ion d e n s it y  c a l c u l a t i o n .
4080 c o n t in u e
4300 c o n t in u e
C-----------------------------------------------------------------------------------------------------
C------- 1—  c a l c u l a t e  d e n s i t i e s  o f  s i n g l y  c h a r g e d -------------------
C----------  io n s  o f  t e s t  and su p po rt gases --------------------------------
C-----------------------------------------------------------------------------------------------------
c----------------------------------- ----------- ------------------------------------------------
C----------  t h i s  i s  a c h ie v e d  f i r s t  by the app ro x im atio n  o f
C----------  the d e n s it y  o f  the s i n g l y  charged t e s t  gas io n s .
C----------  t h i s  i s  then used to determ ine the d e n s it y  o f the
C----------  s u p p o rt  gas io n s .  ------------------------------------------------------------------
C---------- the p ro ced u re  i s  repeated tw ice  to o b t a in  more a c c u ra t e
C----------  v a lu e s  o f  the ion d e n s i t i e s  o f  the s i n g l y  charged io n s .
c   ----------------------------------------------------------------------------------
i f ( n f l a g )  then
d e n s io n _ la s t = d e n s io n ( 1 , 1 )
d e n s io n ( 1 , l ) = ( d e n s e h + d e n s e t - d e n s io n ( 2 , l ) * s z r a p ( 2 ) ) / s z r a p ( 1 )
! e q u a tio n  4.19
d e n s i o n _ t h i s = d e n s i o n ( l f 1 )
d e lt a _ p e r c e n t  = ( d e n s i o n _ t h i s  -  d e n s i o n _ l a s t ) * 100 . / d e n s i o n _ t h i s  
n f l a g * . f a l s e .
e l s e
d e n s io n _ l a s t = d e n s io n ( 2 , 1 )
dens i o n ( 2 , 1 ) = (d e n s e h + d e n s e t -d e n s io n (1 , 1 ) * s z r a p ( 1 ) ) / s z r a p ( 2)
! e q u a tio n  4.19
d e n s io n _ t h is = d e n s i o n ( 2 , 1 )
d e lt a _ p e r c e n t  = ( d e n s i o n _ t h i s  -  d e n s i o n _ l a s t ) * 100 . /d e n sio n __ th is  
n f l a g * . t r u e ,  
end i f
C---------------------- ---------------------------------------------------------------------------------------------------------
C------------ c a l c u l a t e  io n d e n s i t i e s --------------------------------------------------------------------------
C------------------------------------------------------------------------------------------------ ------------------ ------------
do 4301 k*l,numgas
dens i o n _ t o t a l ( k ) =dens i o n ( k , 1 )
i f ( i z m a x ( k )  .eq. 1) goto 4301
do 4078 i= 2 , i z m a x ( k )
d e n s i o n ( k , i ) = d e n s io n { k , 1 ) * r a p ( k , i ) i d e n s it y  o f io n s o f  charg e i .
I —  eq ua tio n  4 .1 7  —
dens i o n _ t o t a l ( k ) =dens i o n _ t o t a l ( k ) +dens i o n ( k , i )
4078 c o n tin u e
4301 c o n t in u e
i f ( d e n s i o n _ t o t a l ( k )  .g e . (d e n s e h + d e n s e t )) then 
type 4405 
w r i t e ( 7,44 05).
4405 Form at( / , 1 T o t a l  io n d e n s it y  i s  g r e a t e r  than 
1 t o t a l  e l e c t r o n  d e n s i t y ' )  
nn=n
goto 4401 
e n d i f
i f ( d e l t a _ p e r c e n t  . l e .  l . e - 2 ) then I stop convergence i f
nn=n ! d e lt a _ d e n s io n  <= 0 . 01%
goto 4401 
e n d i f
n n = n - l
4400 continue I end of dension convergence loop
C-----------------------------------------------------
C---------- c a l c u l a t e  o utput f lu x e s
C-----------------------------------------------------
4401 type 4 4 1 0 , nn
w r i t e ( 7 , 4 4 1 0 )  nn
4410 f o r m a t ( / , ' Number o f  lo o p s r e q u ir e d  f o r  io n d e n s it y
1 convergence : ' , i 5 >
s u m e x t (k )s 0 . 
s u m e lx ( k ) =0 . 
s u m (k )* 0 , 
s i d ( k ) = 0 .
do 4303 k=l,numgas
do 4200 i = l , i z m a x ( k )
ex t r a ( k , i ) =dens i o n ( k , i ) / t o c o n i ( k , i )
f l u x ( k , i ) = e x t r a ( k , i ) * l e n g p l * ( 3 5 5 . / 1 1 3 . ) * d i a m e x * * 2 / 4
s u m ( k ) = s u m ( k ) + f l u x ( k , i )
s u m e x t ( k ) = s u m e x t ( k ) + e x t r a ( k , i )
e l e x t r ( k , i ) = e x t r a ( k , i ) * i
s u m e lx ( k ) = s u m e lx ( k ) + e le x t r ( k ,  i )
s i d ( k ) = s i d ( k ) + d e n s i o n ( k , i )
i o n e f f ( k , i ) = f l u x { k , i ) * 1 0 0 . / e f f l 0 0 p c ( k )
4200 c o n t in u e
do 4302 i a l , i z m a x ( k )
e x t r a ( k , i ) = e x t r a ( k , i ) / s u m e x t ( k )  
i f ( f l a g  .e q .  - 1 . )  goto 5500
e l e x t r ( k , i ) = e l e x t r ( k , i ) / s u m e l x ( k )
4302 c o n t in u e  .
4303 c o n tin u e
C----------------------------------------------------------------
C----------  c a l c u l a t e  e l e c t r o n  l o s s  r a t e s
c ----------------------------------------------------------------
5500 f c o l e i h = 0 .
f c o le e h = 0 . 
f c o l e e t = 0 .
do 5531 k=l,numgas
f c o le e h = f c o le e h  + 3 . O le - 6* (d e nseh + d ense t)
1 * ( 2 5 . 2 6 - a l o g ( z n t ( k ) / s q r t ( e n e l e c h ) ) ) / e n e l e c h * * l .5
f c o l e e t = f c o l e e t  + 3 .0 1 e -6 * (d e n s e h + d e n se t )
1 * ( 2 3 . 4 6 - a l o g ( z n t ( k ) / e n e l e c t ) ) / e n e l e c t * * l . 5
fcl=0.
do 5530 i = l , i z m a x ( k )
fcl=fcl+2.le-6*dension(k,i)*i**2*(1 ./enelech**1 .5)* 1 (25.26-alog(i*znt(k)/sqrt(enelech))
5530 c o n tin u e
f c o l e i h = f c o l e i h + f c l
5531 c o n tin u e
f c o l e i t = 0 .
do 5551 k = l f numgas
f c l = 0 .
do 5550 i = l , i z m a x ( k )
f c l a f c l + 2 . 1e - 6* d e n s i o n ( k , i ) * i * * 2* ( 1 . / e n e l e c t * * 1 . 5 ) *  
1 ( 2 3 . 4 6 - a l o g ( i * z n t ( k ) / e n e l e c t ) )
5550 c o n t in u e  
f c o l e i t = f c o l e i t + f c l
5551 c o n t in u e
c        —  —
C------------c a l c u l a t e  l a r g e  a n g le  s c a t t e r i n g ------------------------- —------
c         _ _ _ _ _ _  —
s n z s = 0 .
do 5581 k = l f numgas
do 5580 i - l , i z m a x ( k )
zs=Q. 
kk=0
i f ( i  .e q .  1 ) k k » l  
do 5560 jp = l,n p m a x (k )  
j  j = j P
i f ( e n e l e c h  . l e .  p ( k f i , j j ) )  goto 5565
5560 c o n t in u e
zs=>izmax(k) 
goto 5575
5565 do 5570 j = l , j j
z s = z s + i q q ( k , i , j )
5570 c o n tin u e
z s = z s - i q q ( k r i r j j )  + i - l .
5575 s n z s = s n z s + z s * * 2 * d e n s io n (k / i)+ z s * * 2 * k k * d e n s n p l(k )
5580 c o n t in u e
5581 c o n tin u e
fc o le n t= Q .  
do 5590 k=l,numgas
f c o l e n t = f c o l e n t + 2 . 8e - 8* d e n s n p l ( k ) * s q r t ( e n e l e c t )  
5590 c o n tin u e
f c o le n h = 9 .6 6 e - 7 * s n z s * ( l . / e n e l e c h * * l . 5)  
c t e l e c h = l . / ( f c o l e e h + f c o l e i h + f c o l e n h )  
p o w e reh * l. 6 e -1 9 * d e n se h * e n e le ch * v o lu m /cte le ch  
s t e l e c t = l . / ( f c o l e e t + f c o l e i t + f c o l e n t )
c  -
C----------  c a l c u l a t e  plasma p o t e n t i a l
c   -----------------
snzt=Q.
do 5600 k*l,numgas  
do 5600 i * l , i z m a x ( k )
snzt=snzt+dension(k,i)*i/toconi(k,i)
5600 c o n t in u e
c t e l e c t = d e n s e t / ( s n z t - d e n s e h / c t e l e c h )  
i £ ( c t e l e c t  . l e .  0) goto 5670 
t f t h = 2 . 9 5 e - 8 * r l * l e n g p l / s q r t ( e n e l e c t )
C - - ----------------       — -------------- --------------
C---------- f ( x ) i s  a f u n c t io n  s t a t e m e n t ----------------------------------------- -
C - ---------- ---------------------------------------------- ---------------------------------------------
x = - a l o g ( t f t h / c t e l e c t )
x l= x
k l = l
5660 f n = f ( x )
f n p * ( f { x + . 0 1 ) - f ( x - . 0 1 ) ) / . 0 2
i f ( f n p  .eq. 0 . )  goto 5670
x = x - f n / f n p
i f ( a b s ( ( x - x l ) / x l )  . I t .  .0 0 1 )  goto 5690
i f ( k l  .eq. 20) goto 5670 
i f ( x  . l e .  0 . ) g o t o  5670 
i f ( x  . g t .  7 0 0 .)  goto 5670 
k l = k l + l  
x l= x
goto 5660
5670 type 5680
i f ( ln 0 3 )  w r i t e ( 7 f 5680)
5680 f o r m a t ( / f ' F a i l u r e  o f  plasma p o t e n t i a l  c a l c u l a t i o n ' )
5690 p h i= x * e n e le c t
p w r l o s s t = l . 6 e -1 9 * ( e n e l e c t + p h i ) * d e n s e t * v o lu m /c t e le c t
C----- .------------------------------------ -
C----------  c a l c u l a t e  po w er-ion
c ----------------------------------------------
p o w e rio n -0 .
do 5711 k=l,numgas
sp=0 .
pw=Q.
do 5710 i = l , i z m a x ( k )  
s p = s p + p o t i o ( k , i )
p w = p w + (d e n s io n (k ,i) / t o c o n i ( k , i ) ) * ( p h i * i + s p )  
5710 c o n tin u e
power ( k ) =pw*volum* ( 1 . 6 e - 1 9 ) 
powerion=powerion+power( k ) 
5711 c o n tin u e
C - -----------------------------------------
C----------  o utput statem ents
C ---------- -------------------------
type 5 6 0 ,p h i
i f ( l n 0 3 )  w r i t e ( 7 , 5 6 0 )  p h i  
560 fo rm a t( / / , '  Plasma p o t e n t i a l  (P H I)  : ' ,  f 6 . 2 , '  e V ' , / / )
do 5310 k=l,numgas
if(num gas .e q .  1 ) type '
if(num gas .e q .  1 .and. In 0 3 )  w r i t e ( 7 , 1 5 9 )
if(num gas . g t .  1} type 1 5 2 , ( g a s ( k ) ( 1 : 1 ) , 1 = 1 , 1 2 )
i f ( l n 0 3  .and. numgas . g t .  1) w r i t e ( 7 , 1 5 2 )  ( g a s ( k ) ( 1 : 1 ) , 1 = 1 , 1 2 )  
152 f o r m a t ( / , * ' , 1 2 A 1 , '  : ' , / )
type 5 3 0 0 , f g a s ( k )
i f ( l n 0 3 )  w r i t e ( 7 ,5 3 0 0 )  f g a s ( k )
5300 forma’t ( '  N e u t r a l  l o s s  r a t e  from plasma due to thermal
1 v e l o c i t y  (FGAS) : ' , e ! 0 . 4 )
type 5 3 0 1 , f i o n e u ( k )
i f ( l n 0 3 )  w r i t e ( 7 , 5 3 0 1 )  f i o n e u ( k )
5301 fo rm a t ( 1 N e u t r a l  l o s s  r a t e  i n  plasma v i a  e l e c . - i m p a c t  
1 i o n i z a t i o n  (FIONEU) : ' , e l 0 . 4 )
type 5 3 0 2 , fe c h n e (k )
i f ( ln 0 3 )  w r i t e ( 7 ,5 3 0 2 )  fe c h n e (k )
5302 f o r m a t ( ' N e u t r a l  l o s s  r a t e  i n  plasma through charge
1 exchange (FECHNE) : ' , 6 1 0 . 4 )
type 5 3 0 3 , p r e s s o p ( k )
i f ( l n 0 3 )  w r i t e ( 7 ,5 3 0 3 )  p r e s s o p ( k )
5303 f o r m a t ( ' N e u t r a l  p a r t i a l  p r e s s u r e
1 o u t s id e  plasma (PRESSOP) : ' , e l 0 . 4 )
type 5 3 0 4 ,d en sn o p (k )
i f ( ln 0 3 )  w r i t e ( 7 ,5 3 0 4 )  den sn op(k)
5304 f o r m a t ( ' N e u t r a l  d e n s it y  o u t s id e
1 plasma (DENSNOP) : ' , e l 0 . 4 )
type 5 3 0 5 , rn e u d (k )
i f ( ln 0 3 )  w r i t e ( 7 , 5305) rn e u d (k )
5305
5306
5307
5310
5350
5351
5352
5353
5354
5370
5371
5372
5373
5374
533
f o r m a t ( '  R a tio  o f  n e u t r a l  d e n s i t i e s  i n s i d e  and o u t s id e  
1 o f  plasma (RNEUD) : ' , e l 0 . 4 )
type 5 30 6 rd e n s n p l(k )
i f ( l n 0 3 ) w r i t e ( 7 ,5 3 0 6 ) d e n s n p l( k )
f o r m a t ( ' N e u t r a l  d e n s it y  in
1 plasma (DENSNPL) : ' f e l 0 . 4 )
type 530 7,p o w e r(k )
i f ( ln 0 3 )  w r i t e ( 7 , 5 3 0 7 )  po w er(k)
f o r m a t ( ' Power r e q u ir e d  to
1 i o n i z e  io n s (POWER) : ' f e l 0 . 4 )
c o n t in u e
type 5 3 5 0 , f c o le e h
i f ( ln 0 3 )  w r i t e ( 7 , 5 3 5 0 )  fc o le e h
f o r m a t ( / / / , * Hot e l e c t r o n - e l e c t r o n  c o l l i s i o n  r a t e  
1 (FCOLEEH) : ' f e l 0 . 4 )
type 5 3 5 1 , f c o l e i h
i f ( l n 0 3 ) w r i t e ( 7 , 5 3 5 1 )  f c o l e i h
f o r m a t ( ' Hot e l e c t r o n - i o n  c o l l i s i o n  r a t e  (FCOLEIH) :
1 e l 0 . 4 )
type 5 3 5 2 , fc o le n h
i f ( l n 0 3 ) w r i t e ( 7 , 5 3 5 2 )  f c o le n h
f o r m a t ( ' Hot e l e c t r o n - n e u t r a l  c o l l i s i o n  r a t e  (FCOLENH) :
1 e l 0 . 4 )
type 5 3 5 3 , c t e l e c h
i f ( l n 0 3 )  w r i t e ( 7 f 5353) c t e l e c h
f o r m a t ( ' Hot e l e c t r o n  confinem ent time (CTELECH) :
1 e l 0 . 4 )
type 5 3 5 4 , powereh
i f ( l n 0 3 )  w r i t e ( 7 ,5 3 5 4 )  powereh
fo rm at( ' Power r e q u ir e d  to heat hot e l e c t r o n s  (POWEREH) :
1 e l 0 . 4 )
type 5 3 7 0 , f c o l e e t
i f ( ln 0 3 )  w r i t e ( 7 ,5 3 7 0 )  f c o l e e t
f o r m a t ( / , ' Thermal e l e c t r o n - e l e c t r o n  c o l l i s i o n  r a t e  (FCOLEET)
1 e l 0 . 4 )
type 5 3 7 1 , f c o l e i t
i f ( l n 0 3 )  w r i t e ( 7 , 5 3 7 1 )  f c o l e i t
f o r m a t ( '  Thermal e l e c t r o n - i o n  c o l l i s i o n  r a t e  (FCOLEIT) :
1 e l 0 . 4 )
type 5 3 7 2 , f c o l e n t
i f ( l n 0 3 )  w r i t e ( 7 ,5 3 7 2 )  f c o l e n t
fo rm a t( 1 Thermal e l e c t r o n - n e u t r a l  c o l l i s i o n  r a t e  (FCOLENT) :
1 e l 0 . 4 )
type 5 3 7 3 f c t e l e c t
i f ( l n 0 3 )  w r i t e ( 7 , 5 3 7 3 )  c t e l e c t
f o r m a t ( ' Thermal e l e c t r o n  confinem ent time (CTELECT) i
1 e l 0 . 4 )
type 5 3 7 4 , p w rlo s s t
i f ( l n 0 3 )  w r i t e ( 7 r 5374) p w r lo s s t
fo rm a t( 1 Thermal power l o s s  (PWRLOSST) :
1 e l 0 . 4 )
if(nu m g a s . g t .  1) type 5 3 3 , powerion
i f ( l n 0 3  .and. numgas . g t .  1) w r i t e ( 7 f 533) powerion
f o r m a t ( / #' T o t a l  power r e q u ir e d  to i o n i z e  io n s (POWERION)
1 el0.4)
5390
5391
540
541
542
544
543
545
546
547
549
denst=denseh/ctelech
type 5390,denst 
if(ln03) write(7,5390) denst 
format(/,' Hot electron loss rate 
1 el0.4)
type 5391,snzt 
if(ln03) write(7,5391) snzt 
format(' Ionization loss rate 
1 el0.4)
(DENST)
(SNZT)
type 540
if(ln03) write(7f540)
format('IScattering rate (FCOISI)
1 and confinement time (TOCONI) of ions :'»//' ------------
1     ')
do 544 k=l,numgas
if(numgas .eq..l) type '
if(numgas .eq. 1 .and. In03) write(7r159)
if(numgas .gt. 1) type 150,(gas(k)(1:1),1=1,12)
if(ln03 .and. numgas .gt. 1) write(7,150) (gas(k)(1:1),1=1,12)
type 541
if(ln03) write(7,541) 
format( ' I
do 542 i=l,izmax(k)
FCOISI TOCONI')
type 543,i,fcoisi(k,i),toconi(k,i)
if(ln03) write(7,543) i,fcoisi(k,i),toconi(k,i)
continue
continue
formatC ',i2,2(' ',el0.4))
type 545
if(ln03) write(7,545)
format(///,1 Charge state distribution calculation parameters 
1     -   “')
do 549 k=l,numgas
if (numgas .eq. 1) type •'
if(numgas .eq. 1 .and. In03) write(7,159)
if(numgas .gt. 1) type 150,(gas(k)(1:1),1=1,12)
if(ln03 .and. numgas .gt. 1) write(7,150) (gas(k)(1:1),1=1,12)
type 546
if(ln03) write(7,546) 
format( ' I
do 547 i=2,izmax(k)
DIVIS UP DOWN*)
type 548,i,divis(k,i),up(k,i),down(k,i)
i£(ln03) write(7,548) i,divis(k,i),up(k,i),down(k,i)
continue
continue
548
510
511
515
521
5250
5251
512
520
C------
C------
C--
202
203
format(' 1# i2,3(1 ',e!0.4)}
ype 510
f(ln03) write(7,510)
ormat('lOutput from ion source :*,/■    »
' FLUX 
1 IONEFF
' I 
• N
' NEXTR 
' t p m i y
Ion charge state',/,
Ion density',/,
Normalized extracted output',/ 
Flux of extracted ions',/, 
Ionization efficiency')
format(' 100PCEFF : ',610.4,' ions/second',/)
do 512 k=l,numgas
if(numgas .eq. 1) type '
if(numgas .eq. 1 .and. In03) write(7,159)
if(numgas .gt. 1) type 152,(gas(k)(1:1),1=1,12)
if(ln03 .and. numgas .gt. 1) write(7,152) (gas(k)(1:1),1=1,12)
type 511,effl00pc(k)
if(ln03) write(7,511) efflOOpc(k)
type 515
if(ln03) write(7,515)
formatC I UP*(I) RAP(I) N(I) NEXTR(I)
1 FLUX(I) IONEFF(I)')
do 521 i=l,izmax(k)
type 520,i,upstar(k,i),rap(k,i),dension(k,i),extra(k,i),
1 flux(k,i),ioneff(k,i)
if(ln03) write(7,520) i,upstar(k,i),rap(k,i),dension(k,i), 
1 extra(k,i),flux(k,i),ioneff(k,i)
continue
type 5250,sum(k)
if(ln03) write(7,5250) sum(k)
format(/,' Total extracted flux : ',el0.4)
type 5251,sid(k)
if(ln03) write(7,5251) sid(k)
format(' Sum of ion densities : ',el0.4)
continue
formate ,,i2,6(' ',el0.4))
flux output
if(.not.In03) goto 19999 
type 202
format(//,' Print on LN03 (Y/N) 7 ',$) 
accept 101,option
if(option .ne. 'Y' .and, option .ne. 'y') goto 19999 
write(7,203)
format(//,' End of program ECR_EFF.')
non
 
onn
 
nn
nn
n
call lib$do_command(1 print/del for007.dat1)
19999 type '
type *,' '
stop ’End of program ECR_EFF.* 
end
f u n c t i o n s
function sechvi : neutral-ion charge exchange
function sechvi(k,je,kk,jje)
common potio(2,99),dension(2,99),enion(2) 
common denseh,denset,densnpl(2)
common izmax(2),amass(2),g,tf(2),szrap{2),sszrap 
jj=jje
x=potio(k,l)/enion(kk)
sechvih=(3.15e-6*float{jj)**1.17/potio(k,l)**2.75) 
1 *sqrt(enion(k)/amass(kk))
if(k ,ne. kk) sechvih»sechvih*exp(-x)*(x+l.)
sechvi=sectivih
return
end
function sionve : electron-ionization of ions
function sionve(k,i,enelec)
common potio(2r99),dension(2,99),enion(2) 
common denseh,denset,densnpl(2)
common izmax(2),amass(2),g,tf(2),szrap(2),sszrap 
common toconi(2,99)
common p(2,99,40),iqq(2,99,40),npmax{2),jjmax(2),app(2) 
common ap(2,99,40),bp(2,99,40),cp(2,99,40)
s=0.
do 30 j=l,jjmax(k)
x=p(k,i,j)/enelec
if(x .le. 0.) goto 15 
if(x .gt. 700.) goto 15 
goto 20
15 term=Q.
goto 30
20 term=ap(k,i,j)*iqq(k,i,j)*exp(-x)*exi(x)/(x*enelec**l.5)
30 s=s+term
ss=0.
do 60 j=l,jjmax(k)
x = (p(kfi,j)/enelec) + cp(kfifj)
if(x .le. 0.) goto 45 
if(x .gt. 700.) goto 45 
goto 50
45 term=0.
goto 60
50 term=ap(k,i,j)*iqq(kf i,j)*bp(k,i,j)*exp(cp(k,i,j))*exp(-x)*exi(x)/
1 (x*enelec**1.5)
60 ss=ss+term
goto 71
70 ss=0.
71 sionve=6,7e-7*(s-ss)
return
end
c    ---------------
C-----  function radr : thermal-electron ion radiative recombination -----
C-------------------------------- ------ -------------------- --------
function radr(k,i,enelect)
common potio(2r99),dension(2,99),enion(2) 
common denseh,denset,densnpl(2)
common izmax(2),amass(2),g,tf(2),szrap(2),sszrap
im=i-l
x=potio(kfim)/enelect
radr=5.2e-14*im*x**l.5*exi(x)
return
end
C-------------------------------------------
C  function exi : calculate exp(x)*el(x) -
C----------- from abramowitz & stegun, page 231
C------ ------------------------------------
function exi(x)
a0=-.57721566 
al=.99999193 
a2=-.24991055 
a3=.05519968 
a4=-0.00976004 
a5=0.00107857
no
n
cl=2.334733
c2=.250621
bl=3.330657
b2=l.681534
if(x .gt. 1.) goto 10
e=-alog(x)+a0+(al*x)+(a2*x**2)+(a3*x**3)+(a4*x**4)+(a5*x**5)
ex=exp(x)*e
goto 20
10 ex=(l./x)*(x**2+(cl*x)+c2)/(x**2+(bl*x)+b2)
20 exi=ex
return
end
function clausing : transmission probability of circular tubes
function clausing(length,radius)
a=float(length)/radius 
a2=a**2
sa2p4=sgrt{a2+4,)
wl=l.+(a2/4.)-(sa2p4*a/4.)
w2up=((8.-a2)*sa2p4+(a**3)-16)**2
w2down=72. *a*sa2p4‘-{288. *alog(a+sa2p4)) +288. *alog(2.) 
w2=w2up/w2down
clausing=wl-w2
return
end
APPENDIX II
Calculation of the Ionization Efficiency of an ECR Ion Source using ECR_EFF
Atomic data file number 1 : atnitro2.eff 
Plasma data file number 1 : plecr008.eff
Length of plasma : 30.0 cm
Diameter of plasma : 3.3 cm
Volume factor : 0.15
Area factor : 2.79
Test gas
Atomic mass (amu) 
Proton number
NITROGEN
14.0
7
Support gas no. 1 
Atomic mass (amu) 
Proton number
HYDROGEN
1.0
1
Ionization potentials :
NITROGEN :
13.4 32.0
HYDROGEN :
13.6
51.5 82.6 103.1 524.0 643.3
Shell no. No. of electrons Binding Energy 
NITROGEN :
1 3 11.7
2 2 24.3
3 2 411.9
HYDROGEN :
1 1 13.6
Lotz Coefficients :
NITROGEN :
Al A2 A3 B1 B2 B3 Cl C2 C3
1 3.20 4.00 0.00 0.83 0.70 0.00 0.22 0.50 0.00
2 3.90 4.40 0.00 0.46 0.40 0.00 0.62 0.60 0.00
3 4.50 4.50 0.00 0.20 0.20 0.00 0.60 0.60 0.00
4 4.50 4.50 0.00 0.00 0.00 0.00 0.00 0.00 0.00
IYDROGEN •
Al A2 A3 B1 B2 B3 Cl C2 C3
1 4.00 0.00 0.00 0.60 0.00 0.00 0.56 0.00 0.00
Ionization potentials and binding energies :
NITROGEN
No Ionpot No IstsShell No 2ndsShell
1 3 13.4 2 26.0 2 413.6
2 2 32.0 2 44.6 2 432.2
3 1 51.5 2 64.2 2 451.8
4 2 82.6 2 470.2 0 0.0
5 1 103.1 2 490.7 0 0.0
6 2 524.0 0 0.0 0 0.0
7 1 643.3 0 0.0 0 0.0
HYDROGEN J
No Ionpot No IstsShell No 2ndsShell
13.6
Hot electron temperature (ENELECH)
Hot electron density (DENSEH)
Thermal electron temperature (ENELECT)
Thermal electron density (DENSET)
Mirror ratio x (eff. PL/PL) (RL)
Function of mirror ratio (G)
1000.0 eV
0.2000E+11 /cm**3 
10.0 eV
0* 2000E+11 /cm**3 
2.4 
1.2
NITROGEN
Ion temperature 
Neutral flow rate
(ENION)
(FLOWRATE)
5.0 eV 
0.100QE-05 std. cc/s
HYDROGEN
Ion temperature 
Neutral flow rate
(ENION)
(FLOWRATE)
5.0 eV 
0.1000E-03 std. cc/s
R E S U L T S  O F  C A L C U L A T I O N
Number of loops required for ion density convergence : 166
Plasma potential (PHI) : 24.58 eV
NITROGEN :
Neutral loss rate from plasma due to thermal velocity (FGAS) 
Neutral loss rate in plasma via elec.-impact ionization (FIONEU)
Neutral loss rate in plasma through charge exchange (FECHNE)
Neutral partial pressure outside plasma (PRESSOP)
Neutral density outside plasma (DENSNOP)
Ratio of neutral densities inside and outside of plasma (RNEUD) 
Neutral density in plasma (DENSNPL)
Power required to ionize ions (POWER)
HYDROGEN :
Neutral loss rate from plasma due to thermal velocity (FGAS) 
Neutral loss rate in plasma via elec.-impact ionization (FIONEU)
Neutral loss rate in plasma through charge exchange (FECHNE)
Neutral partial pressure outside plasma (PRESSOP)
Neutral density outside plasma (DENSNOP)
Ratio of neutral densities inside and outside of plasma (RNEUD) 
Neutral density in plasma (DENSNPL)
Power required to ionize ions (POWER)
Hot electron-electron collision rate 
Hot electron-ion collision rate 
Hot electron-neutral collision rate 
Hot electron confinement time 
Power required to heat hot electrons
Thermal electron-electron collision rate 
Thermal electron-ion collision rate 
Thermal electron-neutral collision rate 
Thermal electron confinement time 
Thermal power loss
Total power required to ionize ions
(FCOLEEH) «• 0.1330E+03
(FCOLEIH) •• 0.4679E+02
(FCOLENH) *ft 0. 2329E+03
(CTELECH) •ft 0.2423E-02
(POWEREH) ft 0.6471E-01
(FCOLEET) • 0.1105E+06
(FCOLEIT) ftft 0.3886E+05
(FCOLENT) « 0.2276E+06
(CTELECT) ftft 0.9927E-04
(PWRLOSST) ft 0.5463E-01
(POWERION) ft 0.6283E-01
0.0Q00E+00 
0.1677E+Q4 
0.3925E+02 
0.6038E-05 
0.9247E+11 
0.9918E+00 
0.9171E+11 
0.1297E-01
0.7706E+06 
0.5671E+Q3 
0.4590E+01 
0.1620E-03 
0.2481E+13 
0.9993E+00 
0.2479E+13 
0.4985E-01
Hot electron loss rate 
Ionization loss rate
(DENST) : 0.8253E+13
(SNZT) : 0.2097E+15
Scattering rate (FCOISI) and confinement time (TOCONI) of ions
NITROGEN :
I FCOISI TOCONI
1 0.2623E+04 0.30Q1E-03
2 0.9960E+04 0.3020E-03
3 0.2171E+05 0.3414E-03
4 0.3772E+05 0.3998E-03
5 0.5788E+05 0.4756E-03
6 0.8209E+05 0.5702E-03
7 0.1103E+06 0.6871E-03
HYDROGEN :
I FCOISI TOCONI
1 0.2623E+04 0.1623E-03
Charge state distribution calculation parameters :
NITROGEN :
I DIVIS UP DOWN
2 0.8990E+05 0.1865E-01 0.1340E+01
3 0.1237E+06 0.4196E-02 0.1265E+01
4 0.1591E+06 0.1396E-Q2 0.1218E+01
5 0.1958E+06 0.4961E-03 0.1185E+01
6 0.2337E+06 0.1611E-03 0.2461E-06
7 0.1457E+04 0.2657E-02 0.0000E+00
HYDROGEN :
I DIVIS UP DOWN
Output from ion source
I : Ion charge state
N : Ion density
NEXTR : Normalized extracted output 
FLUX : Flux of extracted ions
IONEFF : Ionization efficiency
NITROGEN :
100PCEFF : 0.2463E+14 ions/second
UP*(I)
0.0000E+00 
0.1876E-01 
0.4204E-02 
0.1397E-02 
0.4962E-03 
0.1611E-03 
0.2657E-02
RAP(I)
0.1000E+01 
0.1876E-01 
0.7886E-04 
0.1102E-06 
0.5466E-10 
0.8805E-14 
0.2339E-16
N (I)
0.1250E+11 
0.2 34 5E+09 
0.9857E+06 
0.1377E+04 
0.6832E+00 
0.1101E-03 
0.2924E-06
NEXTR(I)
0.9816E+00 
0.1830E-01 
0.6805E-04 
0.8118E-07 
0.3386E-10 
0.4549E-14 
0.1003E-16
FLUX(I)
0.9812E+13 
0.18 30E+12 
0.6802E+09 
0.8114E+06 
0.3385E+03 
0.4547E-01 
0.1003E-03
IONEFF(I) 
0. 3984E+02 
0. 74 28E+00 
0. 276 2E-0 2 
0.3294E-05 
0.1374E-08 
0.1846E-12 
0.4070E-15
Total extracted flux 
Sum of ion densities
0.9996E+13 
0.1273E+11
HYDROGEN :
100PCEFF : 0.2463E+16 ions/second
I UP*(I)
1 0.OOOOE+OO
RAP(I)
0.1000E+01
N (I)
0.2703E+11
Total extracted flux 
Sum of ion densities
0.3924E+14 
0.2703E+11
NEXTR(I)
0.1000E+01
FLUX(I)
0.3924E+14
IONEFF(I) 
0.1593E+01
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